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Abstract. The positron lifetime technique has been used for study-
ing the behaviour of the three light particles: the positron, 
positronium (Ps) (a bound state of an electron and positron), 
and excess electron in non-polar liquids. A brief introduction 
to the subject and a short description of the experimental tech-
niques are given. Further, the principles of the data analyses 
are discussed in some detail. Positron lifetime measurements 
have been performed on the liquids: SFfi, neopentane, hexane, and 
two viscoelastic organic liquids. The experimen^s have been per-
formed as function of temperature, e.g., from just above the 
melting point to above the critical point in the cases of liquid 
SF, and neopentane. In all of the liquids the experimental re-
sults show that Ps is formed. The analyses of the lifetime spectra 
show that the Ps yields as well as the state of Ps in tnese 
liquids change with temporature. A detailed discussion of the 
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1. INTRODUCTION 
1.1. How the positron "entered" into the world of physics 
One of the strangest and at the same time most fascinating con-
sequences of the theory of quantum electrodynamics is that it 
has led to the acknowledgment that matter and anti-matter exist 
together in the Universe. To every particle there exists an anti-
particle and, as shown by experiments and theory, particle-anti-
particle pairs can be created from photons or they can annihil-
ate into photons and/or other similar pairs. 
As early as 1905 Einstein showed in his work on the special 
theory of relativity that the energy, e, of a particle is rela-
ted to its momentum, p, as 
e2 = p2c2 + m2c4 (1) 
where m is the mass of the particle and c the speed of light in 
vacuo. The derivation of (1) is based only on the single exper-
imental observation that the speed of light does not depend on 
the inertial frame of the observer (Michelson and Morley, 1887). 
In the special case of p = 0, we obtain from Eq. (1) the famous 
relation 
e = mc2 (2) 
which expresses the equivalence between energy and mass. 
In the first decades of the 20th century the understanding of 
the detailed behaviour of electrons in atoms/molecules came 
about through a self-consistent theory, quantum mechanics. How-
ever, the theory of quantum mechanics was able to describe the 
motion of electrons only as long as their velocities were well 
below that of light. That is, the theory of quantum mechanics 
does not include relativistic effects. In 1926 Gordon, Klein, 
and Fock formulated a relativistic quantum mechanical theory by 
5 
using the operators for energy and momentum as developed in the 
non-relativistic quantum mechanics, together with the relativ-
ist ic relation between energy and momentum given by Einstein 
(Eq. (1)). However, two principal problems were associated with 
their equation of motion: 1) It contained the second derivative 
with respect to time, and 2) it gave solutions with both positive 
and negative energies. The former inferred that the probability 
density of the particle coordinates could take either positive, 
negative, or zero values. 
In 1928, Dirac succeeded in constructing a relativistic equation 
of motion which contained only the first derivative with respect 
to time. Dirac started from the requirement that the equation of 
motion should lead to a positive probability of charge density. 
In doing so Dirac obtained a four component wave-equation. How-
ever, the solutions of the equation still contained both posi-
tive and negative values of the energy. Due to the requirement 
of a positive probability of charge density, the solutions with 
negative energies could be associated with positive particles 
and Dirac tried to combine these solutions with the properties 
of the proton. It was soon shown, however, that these solutions 
had to be connected to particles with mass close to that of the 
electron. It should be remembered that the proton and the elec-
tron were the only elementary particles known at that time. Then, 
in 1930, Dirac postulated his famous "hole" theory in which the 
"negative energy electron states" were normally all occupied. How-
ever, by exciting an electron from the "negative energy states" 
to the positive states a positive hole would be created which 
could be associated with the possible existence of a positive 
electron. Two years later the existence of the positive electron 
was experimentally verified by Anderson (1932). After a careful 
analysis of a photographic plate showing the tracks of high-ener-
gy cosmic radiation in a magnetic field, Anderson came to the 
conclusion that one of these tracks must be associated with a 
positive particle with mass close to that of the electron. 
Anderson did not know Dirac's theory. It was not until 1933, 
when Blackett and Occhialini gave further experimental evidence 
of the existence of positive electrons, that it was demonstrated 
that the experimentally observed properties of the new particle 
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were those predicted by Oirac. Thus, the existence of the posi-
tive electron, or positron, was established completely independ-
ently from theoretical and experimental work. 
In 1934, Mohorovicic suggested that an electron and positron 
might form a hydrogen-like bound state. In 1945, the bound state 
of an electron and a positron was named positronium (Ruark, 1945). 
Prom that time the properties of the positronium atom were ex-
tensively investigated from a theoretical point of view (Wheeler 
(1946), Pirenne (1947), Berestetzkii (1949), and Ferrell (1951)). 
In 1951, Deutsch discovered the positronium atom experimentally. 
He measured the positron lifetime decay spectra in various gases 
and observed that a small addition of NO to e.g. N_ caused a 
very rapid annihilation of the positrons compared to pure N2. 
This enhancement of the decay rate was interpreted as convertion 
of ortho-Ps into para-Ps by an electron exchange with the unpaired 
electron in NO, 
1.2. Physical properties of the positron and the positronium atom 
In Dirac's theory it was shown that an electron and a positron 
can annihilate together. Dirac visualized this behaviour of an 
electron-positron system by saying that an electron with positive 
energy may fall down in a hole in the "negative energy electron 
states". The energy released in such a transition is given by 
Eq. (1). In a non-relativistic approximation the "annihilation 
energy" is: 
e = 2n»ec2 + E+ + E_ (3) 
2 
where m c is the rest mass energy of the electron (0.511 MeV) 
and E and E_ are the kinetic energy of the positron and the 
electron, respectively. The "annihilation energy" or transition 
energy is normally emitted as photons. 
The number and properties of the annihilation photons depend 
upon the state of the electron-positron system through the usual 
conservation rules. Thus, knowledge of the properties of the 
- S -
annihilation photons provides information of the electron-posi-
tron state. The number of photons emitted depends on the con-
servation of the charge parity and momentum. The cl.arge parity 
of an electron-positron system is given by P = P.P9P (Akhiazer 
and Bereststzkii, 1965), where Pi# ?£, and Po are the internal 
parity (= -1 for a particle - anti-particle system), the spatial 
parity (= (-1) >, and the spin parity (= -(-1) ), respectively. 
The charge parity of a system consisting of n photons is P = 
(-1) . In the case of £ = 0 the charge parity of a positron-
electron state is given by P * (-1) . Thus, if the spins of the 
electron and the positron are anti-parallel (o = 0) then P = 1 
and hence an even number of photons must be emitted in the an-
nihilation process. If the two spins are parallel (o - 1) then 
P = -1 and the annihilation process must be accompanied by emis-
sion of an odd number of photons. 
The probability of emitting n photons in an annihilation process 
decreases roughly as a , where a is the fine-structure constant 
2 (a = e /(4ife he) = 1/137). Hence, in the annihilation process of 
an electron-positron system the emission of the lowest number of 
photons will be dominant, in agreement with the conservation of 
the charge parity. On the other hand, the emission of a single 
photon requires that a third body takes part in the process in 
order to conserve the momentum. The involvement of a third body 
in the annihilation process, however, reduces the annihilation 
probability further by a factor roughly equal to o . Thus, the 
most significant annihilation channels are those in which two 
(a = 0), and three photons (a = 1) are emitted. The cross-section, 
o~ , for 2-photon annihilation of a free positron and free elec-
tron was calculated by Dirac (1930) as: 
o2 -2wr^/(TY){(Y+8(T-l))ln(T/2-l+%/Y)-(T+4)/Y} (4) 
2 
where T = 2(l+e /m c ), Y =T(T-4), and r is the classical radius 
- e e 
of the electron. In Eq. (4) we have assumed the positron to be 
at rest. Thus, £_ represents the total energy of the electron 
(Eq. (1)). In a non-relativistic approximation T •* 4 and 
2 
Y •* 4 (v/c) . Hence, in the case of v << c Eq. (4) reduces to: 
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°2>= K r e { c / V ) (5) 
For free positrons to a very good approximation three-photon 
annihilation can be neglected. Hence, the annihilation rate of 
free positrons, \~, can be calculated from Eq. (5) as: 
2 (6) 
X_ * nvo_ » ur nc 
where n is the density of electrons at the positron. 
Let us consider a two-photon annihilation process. The conserva-
tion of energy and momentum can be expressed through the four-
vectors of momentum of the partieles, p = (p°, p) and the photons 
t»Jc = ti(k ,k) as: 
P_ + P+ ~ *<*i + R2 } (7) 
where p is the usual three-dimensional momentum, vector, and k 
the three-dimensional wave vector, while p° and k° are, respect-
ively, e/c and u/c, where e is given by Eq. (1) and u the an-
gular frequency; and jk| = u/c. Recalling the definition of a 
scalar product of two four-vectors: p-pfl=p pft - p-p„we obtain 
by squaring Eq. (7): 
m V + m2c2{l+l/<m2c2)[|ÉJ2+|pJ2] • l/(m*c4) |p_ | 2 |p+| 2>* 
" P l P + = tft/C) U j U j f l - COS(P)) ( 8 ) 
where 6 is the angle between the directions of the emission of 
the two annihilation photons. Until now no approximations have 
been introduced. However, in many cases of experimental interest 
the kinetic energies of the positrons and "annihilation electrons' 
2 
will be much less than m c . Hence, the square root on the LHS 
of Eq. (7) is approximately equal to: (1 + x)' ~- 1 + x^ Thus, by 
using the above and Eq, (8) we have: 
4m2c2+ |p+|2+ |pj2+ (»2c2)"1|p+|2|p.|2 - 2pjp„ 
•» 2(T\/c)2u1u2(l - cos (9)) (9) 
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By express ing the energy of the two photons a s : -ftw^ • m^c • 6 j 
and 1W»2 « * c 2 • 6 2 we obta in in a non r e l a t i * * i s t i c approximation: 
( 2 B ) " ' ( | p j 2 • Ip^.12) - 6X • « 2 and hence t o f i r s t order i n 
6V « 2 : ft2Wlu2 = m2c4 + c 2 / 2 { | p _ | 2 + ! P + | 2 ) . Thus, by us ing the 
above we can express Eq. (9) a s : 
2m2c2 - ( •JcV 1 lpJ 2 |pJ 2 " 2P.P.
 ( 10 ) 
= -(2m2c2 + |pj2. • |p.|2)cos(e) 
e + 
2 
The RHS and the bracket on the LHS are close to 2B c , and 
2 
hence cos(8)= -1. Thus, by using cos(8) = -1 • %(6- w) we finally 
o b t a i n : 
<p+ • P J 2 - ^y^ip^ipj2 
= m2c2(6 - ir)2 + *(|p.|2 + |pj2) (6 - w) 2 
(6 - ir) = ± (mec) X|P+ • p j = i <mec) 1\pe\ 
where Pc is the center-of-mass momentum. Hence, the deviation 
from * of the angle between the direction of the emission of the 
two annihilation photons is proportional to the center-of— -tss 
momentum. 
In a centre-of-mass frame, viz p_ = 0, the two annihilation pho-
tons are emitted in exactly opposite directions with an equal 
energy of f»w0 = mfic . Assuming that the centre-of-mass momentum 
in a laboratory frame is equal to p , then the relation between 
the energy of the photons in the centre-of-mass franc and the 
laboratory frame can be expressed as: 
Elab - (1 " <V c ) 2 )"* ( Ecm - Ecm<V c )> <12> 
where v is the centre-of-mass velocity in the laboratory frame, 
viz v » (E„/m ) . To first order in v /c we obtain from Eq. (10): 
c c e c 
2 2 — 
E «(f»Aw) /m c or |p | • 2hAw/c (13) 
w 6 C 
which relates the Doppler shift to the center-of-mass energy of 
the annihilating electron-positron pair. 
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The above discission of the properties of an electron-positron 
system and of the properties of the annihilation phot3ns indi-
cates the types of experimental techniques which can be applied 
in order to obtain information about the behaviour of a positron-
electron systea. The basic connection between theory and exper-
iment is given by Eq. (6) , ().l) , and (13). Hence, the potential 
experimental cechniques consist of determinations of the posi-
tron lifetime, angular correlation of the annihilation photons, 
and Doppler shift of one of the annihilation photons. It should 
be emphasized that the positron lifetime depends on the state of 
the positron throughout its lifetia.«, whereas the angular corre-
lation of the annihilation photons and the Uoppler shift of one 
of the annihilation photons depend only on the final state of 
the positron prior to annihilation. The experimental techniques 
will be discussed further in Section 2. 
Let us now discuss the properties of a bound state of an elec-
tron-positron pair, viz. the positronium atom (Ps) . The quantum-
mechanical treatment of Ps is very similar to that of the hydro-
gen atom. However, due to the replacement of the proton by the 
positron the reduced mass of tha electron becomes half of that 
in the hydrogen atom. Further, due to the low m*?s of the posi-
tron compared to the proton, the spin-spin interaction becomes 
more significant in the Ps atom. The binding energy of Ps in the 
ground state is L'R • 6.6 eV, the average distance of the positron 
and the electron is double the Bohr radius rb. Thus, the diameter 
of Ps is equal to that of hydrogen, -1 A. 
The Ps atom may be formed in two different states: one in which 
the two spins of the electron and the positron have opposite 
direction, para-Ps, or in which the two spins have the same di-
rection, ortho-Ps. The total spin of ortho-Ps is a » 1 and the 
spin component along an arbitrary direction can take the values 
m * 1, 0, -1. The total spin of para-Ps is o » 0. Due to the 
number of spin states of para-Ps and of ortho- Ps in general it is 
believed th-it the probability o' an electron and a positron form-
ing ortho-P7 is three times the probability that the/ form para-
Ps. From the discussion of the conservation rules connected to 
the annihilation process, we have that the significant annihila 
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tion channels of Ps are those in which para-Ps and ortho-Ps an-
nihilate into two and three photons, respectively. The intrinsic 
lifetime of para-Ps can be calculated from Eq. (6) simply by re-
placing n with the value of the electron probability density 
function at the positron and in addition by multiplying the 
right-hand side of Eq. (6) by four in order to remove the spin 
average condition, which, of course, is meaningless in the case 
of Ps. Eq. (6) only takes 2Y anninilation into account; however, 
the probability that a free positron interacts with an electron 
having the same spin direction is three times that of opposite' 
spin direction. The calculation yields a para- Ps lifetime 
Tg = 0.125 nsec. The intrinsic lifetime of ortho-Ps is close to 
140 nsec. In Table I the intrinsic properties of the positron 
and Ps are summarized. 
Table I. Intrinsic properties 
the positronium atom (Ps) 
Property positron 
of the positron 
para-Ps 
and 
ortho-•Ps 
mass 
charge 
spin 
"radius" 
intrinsic lifetime 
decay mode 
binding energy 
probability 
formation 
of 
me 
+e 
1/2 
r 
e 
OD 
-
-
-
2me 
neutral 
0 
rb 
0.125 nsec 
2-Y 
6.8 eV 
0.25 P 
2me 
neutral 
1} mz=-l,0,l 
rb 
140 nsec 
3-Y 
6.8 eV 
0.75 P 
m f electron mass, r > classical electron radius, r.j Bohr 
radius, P; total yield of Ps 
1.3. The behaviour of light particles in fluids 
Previous studies of the three light particles, the electron, 
positron and Ps atom in fluids strongly indicate that the be-
haviour of light particles in fluids is influenced mainly by 
quantum mechanical phenomena. Thus, in studies of light partic-
les in fluids it is important to be aware of phenomena such as: 
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1) zero-point motion, 2) delocalization/localizatio-, 3) tunnel-
ing, etc. Perhaps the quantum-mechanical nature of light partic-
les in fluids can best be illustrated by considering the avail-
able information on the behaviour of the excess electrons in 
fluids. In Fig. 1 the mobility of excess electrons in some 
"typical" liquids are shown (references may be found in the list 
under the label "mobility data"). The most stricking feature of 
Fig. 1 is the enormous range of mobilities of excess electrons 
in liquids. By selecting the liquid the excess electron mobility 
can be changed over nearly seven decades. As reference, the mo-
bilities of electrons in Ge and Cu are also shown in Fig. 1. A 
closer inspection of this figure shows that the mobility of ex-
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cess electrons increases with increasing degree of spherical 
shape, and simplicity of the molecules constituti; g the liquid; 
exceptions are liquid He and Ne (see below). The mobility of 
excess electrons in fluids is governed by the nature of the 
interaction between the excess electrons and liquid molecules. 
The mobility of electrons in fluids can be limited by several 
types of interactions between the electron and the fluid such 
as: 1) single scattering processes, 2) multi-scattering processes, 
and/or 3) various degrees of self-trapping of the electron. The 
self-trapped electron states include 1) solvation of the elec-
tron in the liquid, 2) formation of a negative ion state with 
one of the solvent molecules in electron-attaching liquids, 
3) electron bubble formation, etc. The electron bubble state, in 
which the electron is localized in a microscopic cavity, is form-
ed as a result of the zero-point motion of the electron in 
liquids where the interaction potential between the electron and 
the molecules is essentially determined by the repulsive Coulomb 
and exchange interaction. The electron bubble state has been ob-
served in liquid He (Jortner, Kestner, Rice and Cohen, 1965), 
and liquid Me (Loveland, LeComber and Spear, 1972) . The electron 
bubble formation in liquid He and Ne explains the low mobility 
of excess electrons in these two liquids. 
In a simple picture we can express the mobility of excess elec-
trons in fluids as: 
Vi « Pcuc r (1 - Pc)pt (14) 
where y and v. are the mobility of the excess electrons in the 
c t 
conduction band and in the trapped state, respectively. P is 
the probability of finding the electron in the conduction band. 
P is determined by factors such as the cross section of inelas-
c * 
tic scattering in the conduction band and energy difference of 
the electron in the conduction band compared with the trapped 
state, u id determined mainly by elastic scattering processes, 
whereas v. is determined by factors such as the probability that 
the electron can tunnel from one trap to a nearby one, the dyna-
mics of the liquid molecules which may open up channels between 
Table II. Light particle states in liquids. 
Definition Physical state of 
liquids 
Light particle 
states 
Examples 
1 Quasi-rfree 
u >l(Tcnr/Vs 
2 Quasi-localized 
0.1<u<10cm2/Vs 
unperturbed 
unperturbed 
extended e~,e+(?) in all liquids short 
time} e in Ar,Kr,Xe, 
pentane(?),TMS(?) neo-
localized(Anderson e in some hydrocarbons 
model)? or extended e+ in some hydrocarbons? 
3 Self-trapped by 
small density and/ 
or structural 
fluctuation 
0.1<ii<10cm2/Vs 
4 Localized by pre-
-existing traps 
U <0.1cm2/Vs 
5 Localized by 
bubble formation 
u <10"2cm2/Vs 
6 Localized by large 
local configurational 
changes , 
u =10-3CmVVs 
small configurational localized 
changes 
unperturbed localized 
formation of a localized 
microscopic cavity, 
large configurational 
changes 
Radial and configura- localized 
tional changes induced 
by charged particles 
e in some hydrocarbons! hexane. 
e+ in some hydrocarbons 
Ps in all liquids short time? 
Ps in high viscosity liquids 
e",e+ in polar liquids 
Ps in all low viscosity liquids 
e" in H2,He,Ne 
solvated e and e in polar 
liquids 
en 
I 
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traps, etc. Since we usually have v, >> U. , the mobility of ex-
cess electrons can be taken as a measure of how free the elec-
trons are in a liquid. 
According to the mobility of excess electrons in liquids, Jortner 
and Gaathon (1977) suggested a classification of the states of 
excess electrons. They distinguish between six different elec-
tronic states: 1) quasi-free electrons, and 2) quasi-localized 
electrons plus four different trapped states of the electrons. 
However, as the electron is merely a special type of light par-
ticle we have extended their classification to include also the 
two other light particles, viz. the positron and positronium. 
The classification of light particles is shown in Table II. Al-
though the classification given in this table is somevhat arbi-
trary with respect to mobility we recommend xts use as long as 
it is not in conflict with experimental facts. The use of the 
classification in Table II may avoid some misunderstandings in 
discussing the states of light particles in liquids. It should 
be emphasized that the present knowledge of the positron in 
liquids does not allow one to be too certain as far as the state 
of the positron in various liquids is concerned;this explains the 
question marks used in describing the state of the positron in 
the various examples given in Table II. The properties of the 
positron and Ps in liquids will be discussed further below and 
in Section 5. 
1.4. Positronium formation in liquids 
When energetic positrons ( ^ 0.2 MeV) are injected into a liquid 
a certain fraction may form Ps prior to annihilation. The forma-
tion of Ps in liquids is normally explained in terms of one of 
the following two models: 1) the Ore model (Ore, 1949), or a 
modified version of it, or 2) the spur reaction model (Mogensen, 
1974). The basic difference between the two models is that in 
the first Ps is assumed to be formed by epithermal positrons of 
energies about 3-10 eV, whereas in the spur model Ps is assumed 
to be formed by a reaction between a mainly thermalized positron 
and one of the excess electrons created during the slow-down of 
- 17 -
the positron. In the former model other processes, e.g. hot Ps 
reactions, must also be used in order to explain the measured 
results (Lévay, 1979 and Goldanskii, 1968) . Apparently, the spur 
model is the most used model today, although the Ore model com-
bined with hot Ps reactions cannot be disproved at present be-
cause of the many unknown processes which are invoked in it. 
Recent new experimental results tend to strongly favour the spur 
model (Lévay, 1979, Mogensen, 1979, and Lévay and Mogensen, 1980). 
Thus, in the present paper, we shall use the spur model in inter-
preting the measured Ps yields in liquids. 
In the spur model it is assumed that rfhen the positron loses the 
last part of its kinetic energy (100-200 eV) it will become ther-
malized in a fairly localized region, called the positron spur, 
consisting of a number of excess electrons, corresponding posi-
tive ions, and maybe some radicals. Typical values of the posi-
tron spur size in liquid hydrocarbons are 40-200 Å. Figure 2 
visualizes a positron spur at the time of its formation. Typical 
reactions which may take place in the spur are: 
X + e •* X recombination 
e + e -»• Ps Ps formation 
e + A •+ A electron attachment (15) 
e + A •+ Ps + A Ps formation 
e + A •*• [e , A ] positron bound state 
Hence, Ps is formed in competition with processes such as recom-
bination of the excess electrons and the positive ions, electron 
attachment to solvent/solute molecules, positron bound-state 
formation, out-diffusion of the electrons/positron of the spur, 
solvation of the electrons/positron, etc. The electron attach-
ment to solvent/solute molecules can influence the Ps yield in 
two ways depending on whether the positron is able to pick-off 
the electron from the solvent/solute anion or not. In the former 
case the electron attachment process merely competes with the 
recombination process and providing the mobility of the positron 
exceeds that of the positive ion, the electron attachment pro-
cess may work in the direction of increasing the Ps yield. 
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Fig. 2. Positron spur at its formation (t»0). 
Due to the lack of detailed experimental information of the state 
of the excess electrons and the positron as a function of space 
and time it is not possible at present to calculate the Ps yield 
in liquids. However, by using the limited available information 
of the properties of the excess electrons in various liquids and 
solutions it is in many cases possible to predict the Ps yield 
in a qualitative way by using the spur model. For typical exper-
imental cases which illustrate the power of the spur model very 
well see Mogensen and Lévay, 1980. 
1.5. Positron annihilation experiments in liquids 
Detailed studies of the behaviour of positrons and Ps in con-
densed matter are usually made by performing measurements of 
positron lifetime spectra and/or 2-Y angular correlation distri-
- 19 -
butions (see e.g. Lévay, 1979, West, 1973, Merrigan. Green and 
Tao, 1972, Goldanskii, 1968, and Gray, Cook, and Sturm, 1968). A 
typical lifetime spectrum obtained in a pure liquid is usually 
believed to consist of three exponentially decaying lifetime com-
ponents attributed to the separate decay of para-Ps, free posi-
trons, and ortho-Ps (Lévay, 1979, and Goldanskii, 1968) . Typical 
lifetimes of para-Ps, free positrons, and ortho-Ps in pure liquids 
are 0.12 nsec, 0.3-0.5 nsec, and 1-10 nsec, respectively (Lévay, 
1979, Goldanskii, 1968, Gray et al., 1968, and Jansen and Mogen-
sen, 1977). As mentioned in Section 1.2 the yield of ortho-Ps is 
generally believed to be three times that of para-Ps. In a posi-
tron lifetime experiment the total Ps yield is determined from 
the intensity of ortho-Ps, whereas in an angular correlation 
experiment it is determined from the intensity of the narrow 
component associated with para-Ps. 
The intrinsic lifetime of ortho-Ps is 140 nsec. However, in con-
densed matter ori.ho-Ps decays mainly by the pick-off mechanism, 
by which the positron in ortho-Ps annihilates with an electron 
of opposite spin on the surrounding molecules. In liquids the 
lifetime of ortho-Ps is usually explained in terms of the Ps 
bubble model in which it is assumed that Ps is localized in a 
microscopic cavity, the Ps bubble, in its equilibrium state. The 
nature of the Ps bubble state is analogous to that of the elec-
tron bubble state, briefly discussed in Section 1.3. Due to the 
charge of the electron, the electron bubble state is, however, 
formed only in liquids (He, H_, Ne) consisting of molecules 
having a low polarizability together with a negligible dipole 
moment. However, due to the neutrality of Ps, the Ps bubble state 
is believed to be formed in nearly all low viscosity liquids 
(Lévay, 1979). Thus, it is much easier to study the Ps bubble 
state than the corresponding electron state. By varying the 
liquid, temperature, viscosity, pressure, etc., many different 
Ps bubble states can be prepared. 
The "radii" of the Ps bubble are roughly 2-3 A in water, 4-6 A 
in typical liquid hydrocarbons at room temperature, and 10-20 A 
in liquid noble gases. The size of the Ps bubble is determined 
by the inward pressure of the surface tension and the vapour 
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pressure balanced by the outward pressure caused by the zero-
-point motion of Ps. The overlap between the Ps wave function 
and the molecules decreases with increasing size of the Ps 
bubble; hence, the lifetime of ortho-Ps increases with increasing 
size of the Ps bubble. The Ps bubble was first suggested by 
Ferrell (1957) in order to explain the abnormally long lifetime 
of ortho-Ps in liquid He-
in Section 2 the experimental techniques will be described, while 
in Section 3 we will describe the experimental conditions and the 
data analyses related to the present experiments. The experimen-
tal results are shown in Section 4 and Section 5 contains a dis-
cussion of the results. A summary and conclusions are given in 
Section 6. 
2. EXPERIMENTAL TECHNIQUES 
2.1. Cntroduction 
From the discussion in Section 1.2 of the properties of an elec-
tron-positron system and those of the annihilation photons it 
was indicated that the experimental methods of obtaining informa-
tion on the behaviour of the positron (electron) in a medium 
consist of measuring 1) the positron lifetimes, 2) the momentum 
distribution of the annihilating electron-positron pairs, and/or 
3) the Doppler shift of one of the annihilation photons. In the 
subsections that follow we shall give a short description of each 
of the experimental techniques. 
The positron can be obtained from a number of radioactive iso-
10 eft C.A CO 
topes such as Na, Co, Cu, Ge, etc. The positron source 
22 22 
most frequently used is Na. The decay scheme of Na is shown 
22 in Fig. 3. The half-life of Na is 2.6 years and the maximum 
energy of the positrons in the main decay (90%) is 0.5 MeV cor-
responding to a maximum range of roughly 0.16 gem . Apart from 
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22 Fig. 3. Decay scheme of Na 
22 
the long half-life, the main advantage of using Na is that the 
emission of the positron is followed by a simultaneous (< 10 
sec) emission of a 1.28 MeV photon. Such a positron lifetime can 
br measured by determining the time interval between the detec-
tion of the 1.28 MeV photon and one of the two 0.511 MeV annihil-
ation photons. In an angular correlation experiment the main ad-
22 
vantage of using Na as the positron emitter is its long half-
life. 
2.2. Positron lifetime technique 
In Fig. 4 a typical diagram of a fast-fast coincidence system for 
measuring positron lifetimes is shown. The lifetime apparatus 
used at Risø has been developed by S.J.G. Lund (1978) . The system 
consists of two identical detectors (D), two identical constant-
fraction timing discriminators (CFTD), a time to amplitude con-
verter (TAC), and a multi-channel analyser (MCA) in which the 
data also are stored. The two detectors (D) consist of a 
1.5" x 1.5" Pilot U plastic scintillator mounted on the top of a 
fast photomultiplier tube (Philips XP2020). The signal from the 
photomultiplier tube is taken from the anode. The constant-frac-
tion timing discriminator consists of three parts: 1) a single-
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Fig. 4. A positron lifetime spectrometer using the fast-fast 
coincidence method. 
channel analyser (SCA) which provides an output only if the in-
put signal is within a preselected range of amplitudes, 2) a 
constant-fraction unit (CF) responsible for the determination of 
the time of an event in the detector (see below), and 3) a co-
incidence unit (COIN), which ensures that the CFTD provides an 
output only if the detector signal is within the preselected 
range set by the SCA. The delay in the fror.t of the CF unit en-
sures that its output always appears later than that of the SCA 
for the same event. Thus, the time at which the output appears 
on the CFTD is determined solely by the CF unit (for pileup 
phenomena, see below). The time-to-amplitude converter (TAC) 
provides an output pulse whose amplitude is proportional to the 
time difference between the two input signals. The output of the 
TAC is analysed and stored in a multi-channel analyser (MCA) in 
such a way that the channel number in the MCA becomes pro-
portional to the amplitude of the output pulse from the TAC, 
within a certain interval. In this way the channel number in the 
MCA becomes proportional to the time interval between the detec-
tion of two events satisfying the separate conditions set by the 
SCA in the two CFTD's. Thus, the way the system is set up for 
measurements of positron lifetimes is by adjusting the SCA in one 
of the CFTD in a way such that an output pulse can appear only 
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as a result of detecting a 1.28 MeV photon, whereas the SCA in 
the other CFTD is adjusted to accept pulses which can result 
from the detection of an annihilation photon (0.511 MeV). The 
output from the former CFTD is connected to the start input of 
the TAC while the output from the other is connected to the stop 
input. In order to be in the linear range of the TAC it is usual-
ly necessary to have a delay of several nsec between the CFTD 
detecting the annihilation photons and the stop terminal on the 
TAC. 
The energy absorbed by the Pilot U scintillator mounted on the 
photomultiplier is not the total energy of the detected photon, 
but only the energy transferred to an electron in a single 
Compton process. Hence, the signal amplitude resulting from a 
detection of one photon may vary from essentially zero to a 
value corresponding to the Compton edge. For this reason the SCA 
in the CFTD arranged to detect the 1.28 MeV photons is adjusted 
to give output pulses when the input signals are between what 
corresponds to well above the Compton edge of the 0.511 MeV and 
the Compton edge of the 1.28 MeV. The SCA in the CFTD for detect-
ing the annihilation photons is adjusted to give output pulses 
when the input signals are between the Compton edge of 0.511 MeV 
and some lower value determined by a compromise betwee" a good 
time resolution and a good counting efficiency. The time resolu-
tion, FWHM, in each of the detectors roughly varies as E , 
where E is the energy. Also noise from the photomuitlplier and 
backscattering from one detector to the other may put a lower 
limit on the minimum amplitude of the signals which can be useu. 
In Fig. 5 a typical set-up of the two SCA windows is shown. 
The most critical part of the CFTD is the circuit (CF) determin-
ing the time at which the output pulse appears during the detec-
tion of an event. The main problem arising is that in order to 
obtain a reasonable counting efficiency it is necessary to use 
pulses of quite a large range of amplitudes (see Fig. 5). The 
timing discriminator most used indicating the "birth" and the 
"death" of the positron is the constant fraction discriminator 
(CF). In principle the constant fraction discriminator produces 
an output signal at a fixed time after the input pulse reaches 
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Fig. 5. Th* T_*n«rgy spsctrusi of TI* sourc«, the hatched areas 
show tli* setup of the two SCA windows. 
a certain preselected fraction of its amplitude. Compared to 
other types of timing discriminators (e.g., the leading-edge 
discriminator) the constant fraction discriminator has greatly 
reduced the problem of time walk, viz. the pulse-amplitude de-
pendence of detecting the time of a Compton event in a scintilla-
tor. The principle of the constant fraction discriminator is to 
convert the negative anode signal into a zero-crossing signal. 
In the input circuit of the timing discriminator (CF) the anode 
signal is divided into two parts. One of the signals is inverted 
and delayed while the other is attenuated. The two signals are 
added together to produce the zero-crossing pulse. We have now 
obtained a pulse of which the time of zero-crossing is indepen-
dent of the amplitude of the signal from the photomultiplier tube 
(see Fig. 6). After an appropriate amplification the zero-cross-
ing pulse is fitted into a zero-crossing detector which sends out 
a standard pulse when the zero-crossing point is detected. In 
order to be able to use the zero-crossing point as the trigger 
time of the coincidence unit it is necessary to divide the con-
stant fraction pulse into two pulses, one of which is inverted 
and delayed. In Fig. 7 the arrival of the two constant-fraction 
pulses from the CF-unit together with the output pulse from the 
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SCA is shown. The dashed line indicates the trigger level of the 
coincidence circuit, and the output goes high when all three 
signals are below the trigger level. By setting in the DC-level 
of the "tinning pulse" the discriminator can be adjusted to pro-
duce negative, positive, or zero time walk. This possibility 
could seem a bit meaningless. However, in addition to what we 
could call the "geometrical walk" other kinds of time walk will 
exist in the electronics. In discriminators using logical elec-
tronics (e.g. a norgate) to produce the output pulse the inputs 
on such a device have to be changed from logical 1 to logical 0. 
This will produce positive time walk by itself. Also, the pre-
sence of capacitors in the active devices causes time walk. It 
is probably not possible to estimate the effect of the above-
mentioned walk sources (and those not mentioned?). However, by 
varying the DC-level of the "timing pulse' it is possible exper-
imentally to adjust the discriminator such that no time walk 
takes place. 
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Fig. 7. The arrival time at the inputs of the coincidence unit 
of the pulses from, respectively, the SCA • and the 
constant fraction unit: timing pulse , condition 
In the beginning of this section we mentioned another problem, 
viz. pile-up phenomena. Due to the use of very fast pulses it is 
probably impossible to avoid these problems following the normal 
techniques of pile-up rejection. In principle we can differentiate 
between three different types of pile-up phenomena. Suppose a 
real event is detected at a time, t, we can then have the follow-
ing types of pile-up phenomena: 1) a non-real event is detected 
within the time t-t < t' < t+t , where t is comparable to the 
width of the CF-p.il 3e, 2) a non-real event is detected at a time 
f'f t-t +t < t'' < t-t , where t is the time between the arri-
e c c e 
val of a "timing pulse" and the corresponding SCA pulse at the 
coincidence unit, and 3) a non-real event is detected at a time 
t'''} t-t < t''1 < t-t ft . In the first case two pulses are 
e e c 
added together, and providing the resulting pulse still satisfies 
the condition set by the SCA the time indication of the real event 
will differ from what it should be due to the pile-up. There is 
probably only one way of reducing this type of pile-up and that 
is to reduce the strength of the positron source. Since a non-
real event can be detected with an equal probability within the 
time interval of interest the second type of pile-up just caujes 
an enhancement of the background. Because we measure time inter-
vals rather than absolute times this additional background will 
cover the time interval of roughly t-t +t < t'1 < t+t -t . In 
e c e c 
the third case, it is the pulse of the SCA which sets the time 
- 27 -
indication of the real event. Thus, this type of pile-up will 
produce a reduced lifetime spectrum on both sides of the real 
lifetime spectrum roughly a time distance -t away. One way *-o 
come around this problem is to ensure that t is large enough 
such that these side spectra appear outside the time interval of 
interest. 
Above we have briefly discussed some of the problems connected 
to the timing discriminator. However, the photomultiplier tubes 
and the properties of the light collecting process in *.he scin-
tillators are also important for the time resolution of the whole 
system. 
In order to increase the signal-to-noise ratio of the anode pulse 
it seems important to have the cathode at ground potential, par-
ticularly if magnetic shielding of the photomultiplier tubes is 
used. Due to the mechanical arrangement of the last dynode and 
the anode it seems that time resolution can be gained if the out-
put is taken from the 9th or 10th dynode (for 12-stage tubes) 
(Bengtson, 1980) . 
Of course, the collecting time of the light from the scintilla-
tors has an influence on the resolving time. Several authors 
(see, e.g Kogel, 1979, and Dannefær, 1980) looked into this 
problem. A conclusion of their work seems to be that the shortest 
time of light collection is obtained for conical-shaped scintilla-
tor s -
For a more detailed discussion of the posi tron lifetime technique 
we refer to a paper by Moszynski and Bengtson, 1979. 
The constant-fraction timing discriminators used at Risø have 
been realized by the use of fast-emitter coupled-logic (ECL) 
devices. The best time resolution obtained vith the lifptxme 
spectrometer at Risø with i y x I V Pilot U scintillators and 
with normal 22Na windows (see Fig. 5) is 'v 300 psec at FWHM. 
Finally, in Fig. 8 two typical examples of a positron lifetime 
spectrum as obtained in liquid SF- at the temperatures, -4 5 C and 
o 
T , respectively, are shown. 
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Fig. 8. Positron decay spectra as measured in liquid SF, at -45°C 
and Tc - 45.7°C. The two spectra are normalized to the same peak 
count. The lifetime of the long-lived component is *. 6 nsec 
(-45°C) and t 17 nsec (Tc), respectively. 
2.3. Two-photon angular-correlation technique 
From the discussion of the properties of the annihilating elec-
tron-positron pairs and of the properties of the annihilation 
photons in Section 1.2, we saw that the momentum distribution of 
the annihilating electron-positron pairs can be determined by 
measuring the distribution of the deviations of the angle of the 
direction of the emission of the two annihilation photons from IT 
(Eq. (11)). In Fig. 9 a diagram of a typical 2-y angular correl-
ation apparatus is shown. The system can be divided into two 
parts: a mechanical part, and an electronic part. Assume the two 
detectors to be in a position corresponding to the angle IT. Then 
the position of the sample is arranged in a way such that most of 
the positrons are stopped in the same plane as the one containing 
the two detectors. The resolution of the apparatus is determined 
mainly by the mechanical dimensions of the set-up. Let i be the 
distance between the sample and one of the two detectors and d 
the width of the collimators placed in the front of the detectors. 
The angular resolution is then roughly equal to 6. = å/i. Typical 
values of i and d are 2 m and 0.5-2 mm, respectively, correspond-
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Fig. 9. A typical 2y angular correlation apparatus. 
ing to an angular resolution of ^0.25-1 mrad. From Eq. (11) we 
have that 1 mrad corresponds to E = 0.13 eV. 
The two detectors consist of a Nal(Tl) scintillator mounted on 
top of a photomultiplier tube. After an appropriate shaping anc? 
'"•upl if ication the Fignal from the anode is connected to the input 
of a single channel analyser (SCA), which sends out a standard 
pulse if the amplitude of the input signal is within a preselected 
range. The two SCA are adjusted such that only an output pulse 
can appear as a result of detection of a 0.511 MeV photon. The 
outputs of the two SCA are connected to the inputs of a coinci-
dence unit which provide an output pulse if the two inputs are 
detected within a certain time (typically 50-100 nsec). In this 
way an angular correlation curve is measured by collecting the 
number of events from the coincidence unit in a fixed time inter-
val as a function of a preselected number of angular positions. 
A typical angular correlation curve is measured within the inter-
val of - 15 mrad. In Fig. 10 an angular correlation curve ob-
tained on liquid neopentane is shown. 
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Fig.10. An angular correlation curve as measured in liquid neo-
pentane at 23°C. 
2.4. Doppler-broading technique 
By measuring the distribution of the Doppler shift of the anni-
hilation photons we obtain in principle the same information as 
obtained in an angular correlation experiment. However, the ener-
gy (or momentum) resolution is far away from what can be obtained 
in an angular correlation experiment. Typical energy resolution 
of an annihilation photon is ^ -1.2 keV corresponding to E =2.8 eV. 
c 
The advantages of using the Doppler-broading technique are: 
1) the simplicity of the apparc. >:s, 2) positron sources of low 
activity can be used, 3) Doppler-broading measurements can easi-
ly be performed simultaneously with positron lifetime measure-
ments, etc. In Fig. 11 a diagram of a Doppler-broading set-up is 
shown. The detector consists of a Ge(Li) detector. The signal 
from the detector (proportional to the photon energy) is ampli-
fied by a pre-amplifier placed close to the detector. The output 
signal from the pre-amplifier is further amplified by a spectro-
LLl 
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Fig.11. A typical Doppler-broading apparatus. 
meter amplifier. The output of the spectrometer amplifier is 
analysed and stored in a multi-channel analyser (MCA) in such a 
way that the channel number becomes linearly dependent to the 
energy of the photons detected. A typical energy calibration is 
'v- 0.1 keV/channel. 
3. EXPEP.IMENTAL DETAILS 
3.1. Introduction 
The liquids chosen for positron lifetime studies as functions of 
temperature were: 1) two phenyl ethers, 2) liquid sulfurhexa-
fluoride, 3) liquid neopentane, and 4) liquid hexane. The two 
phenyl ethers: m-phenoxy-phenyl-m-(m-phenoxyphenoxy)phenyl ether 
and bis(m-(m-phenoxyphenoxy)phenyl)ether designated 5Po and 6PO, 
respectively, have previously been studied extensively for their 
viscolastic properties (Eastwood, Cochrane, Harrison, Lamb, and 
Phillips, 1980). The structures of the two phenyl ethers are 
shown in Fig. 12. 
The three other liquids have been studied through a broad tem-
perature range: sulphur hexafluoride (-45°C to 71 C), neopentane 
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(23°C to 180°C). and hexane (-72°C to 160°C). The critical con-
stants of these liquids are shown in Table III. 
5P0 
<X X) 9 o' 
y: i 
6P0 
A0 X> 
X> 
Fig.12. Th« structures of m-phenoxy-phenyl-m(m-phenoxyphenoxy) 
phenyl ether (5P0) and bis(m-(m-phenoxyphenoxy)phenyl) ether (6P0) 
Table III. Critical constants of SF-, neopentane and hexane. 
Liquid Pressure P_ Temperature T volume v c c c 
S F6 
neopentane 
hexane 
37.7 atm 
31.3 atm 
29.9 atm 
45.65°C 
160.3°C 
234.2°C 
199ml/mol 
311ml/mol 
368ml/mol 
3.2. Experimental conditions 
All the liquids were degassed and sealed with an encapsulated 
positron source in a Pyrex tube or in an autoclave system of 
stainless steel. During positron lifetime measurements in the 
liquids at temperatures of low vapour pressure (< 2 atm), a 
Pyrex tube was used for containing the liquid, while at higher 
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temperatures the autoclave was used. The autoclave system was 
bought from Carl Roth KG, West Germany and modified slightly so 
it could tit onto a vacuum line during the sample preparation. 
The volume of the autoclave was 50 ml. The amount of liquid used 
in the autoclave was that which gave the critical density at the 
critical temperature. 
22 The positron source used in the lifetime experiments was Na in 
2 
the form of NaCl sandwiched between two Kapton foils 1 mg/cm 
thick. The source was always positioned such that all positrons 
were stopped and annihilated in the liquid phase (apart from a 
small fraction annihilating in the source). No positron reached 
the gas phase region. Above the critical temperature of the 
liquids all the positrons annihilated in the fluid phase. The 
strength of the positron source was roughly 20 yCi in the case 
where the liquids were sealed in Pyrex tubes, while a rather 
strong source of approximately 150 yCi was used in cases where 
the liquids were sealed in the autoclave. 
The positron lifetimes were recorded by a spectrometer using the 
fast-fast coincidence method? see Section 2.2 (Lund, 1978, and 
Hardy and Lynn, 1376). The spectrometer included digital stabil-
isation of the spectrum peak position. The time resolution of 
the spectrometer during the period of the present experiments was 
characterised by its full width at half maximum (FWHM), 400-
500 psec. A typical resolution curve is shown in Fig. 13. The 
time resolution was checked from time to time (at least once a 
week) during the experiments. The time calibration of the spec-
trometer corresponded to 0.077 nsec/channel in the MCA. For each 
lifetime spectrum at least 5 x 10 time events were collected at 
a count rate equal to roughly 25-35 sec . However, a lifetime 
spectrum often contained the detection of several millions of 
time events. 
The temperature was controlled by a proportional regulator usinq 
the resistance of a thermistor as feedback signal. The thermistor 
was placed at the same level as the positron source and on the 
outside of the Pyrex tube (autoclave). The temperature was read 
from a thermocouple placed just beside the thermistor. During 
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Fig.13. A typical time resolution curve. 
the lifetime measurements below room temperature the autoclave 
(Pyrex tube) was placed in a simple flow cryostat using nitrogen 
as cooling gas. During the high-temperature measurements the 
liquids were heated in an electric furnace. The heat elements 
were arranged such that no magnetic field was produced across 
the liquids. The overall accuracy of the temperature was within 
± 0.5°C. 
3.3. Principles of the data analyses 
All the positron lifetime spectra were analysed by assuming that 
a typical positron lifetime spectrum can be divided into a cer-
tain number of exponentially decaying lifetime components 
attributed to the separate decays of positrons from different 
* 102 
I 
10 
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states in the liquids. Thus, in a medium in which the positrons 
can annihilate from n different states we can express the positron 
lifetime spectrum as: 
T(t) = t Ii>i exp -A±t , I Ii = 1 , t i 0 (16) 
where A. and I. are the decay rate and the fraction of positrons 
annihilating from the i-state. By knowing the exact or theoretical 
positron lifetime spectrum the experimental spectrum E(t) can be 
calculated as 
E(t) = /"R(t-t,)T(t,)dt' + B (17) 
where R(t) is the time-resolution function of the spectrometer 
and B is a constant background. 
The principle of the analysis of an experimental positron life-
time spectrum is as follows: By use of Eq. (17) an "experimental" 
spectrum is calculated from the free parameters - the I's and 
the A's. By comparing the calculated to the measured spectrum 
the values of the A's and the I's can be determined by imposing 
the choice of the number of lifetime components and that of the 
I's and the A's to the principle of least squares. 
All the positron lifetime spectra recorded in this work were 
analysed by using the computer programme POSITRONFIT EXTENDED 
(Kirkegaard and Eldrup, 1974, and Kirkegaard and Eldrup, 1972, 
and Kirkegaard, Eldrup, Mogensen and Pedersen, 1981). The input parameters 
to the programme can be divided into two sets of parameters: 
1) parameters describing the experimental conditions, and 
2) parameters used to extract information of the number and the 
properties of different positron lifetime components in the 
medium under investigation. The former parameters include the 
time calibration and the time resolution function of the spec-
trometer. The time resolution function is described as a sum of 
up to three gaussians of which widths, intensities, and centroid 
positions can be individually fixed. Furthermore, it is possible 
to specify the positron decay spectrum in the positron source and 
the fraction of positrons annihilating in the source. Before the 
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final analysis the positron source contribution is calculated and 
subtracted from the spectrum. Finally, the last two parameters 
connected to the experimental conditions, viz. the time zero 
(the time reference channel) and the background, can be treated 
either as fixed or fitting parameters. The input parameters spe-
cified in order to obtain information of the positron lifetime 
components in the medium under investigation are: 1) the number 
of lifetime components, and 2) initial guesses of the decay 
rates. Further, various constraints can be imposed on the fitting 
parameters such as fixed values of some of the decay rates and/or 
the intensities. In addition, linear combination of some of the 
intensities can be fixed to zero. 
The programme uses an iterative method (Marquardt's technique, 
1963) to determine the least-square values of the fitting par-
ameters. Among the estimated values, including statistical 
uncertainties of the fitting parameters, the programme also 
gives as output the variance of the fit, •, and a correlation 
matrix (covariances) of the fitting parameters. The variance of 
the fit is defined as: • = (n-k) XEN. A., where N is the number 
of time events in the i'th channel (in the MCA) and A. is the 
difference of the number of time events in the i'th channel and 
that calculated from Eq. (17). The sum is extended over n measur-
ing points and k is the number of free parameters. It can be 
shown that * . is normally distributed with a mean of 1 and a 
standard deviation of (2(n-k))~ . Thus, in analyses of positron 
lifetime spectra the values of * . can serve partly as an indi-
min 
cator of the validities of the models used, viz. number of life-
time components and the validity of possible constraints of the 
fitting parameters. 
The time resolution function was determined by measuring the life-
time spectrum of the "Kapton source" placed between a number of 
2 
Kapton foils (250 Kapton foils corresponding to 0.25 g/cm ). The 
positron lifetime spectrum in Kapton consists of a single decay-
9 -1 
ing lifetime component of X* 2.62*10 sec . The lifetime spec-
trum was analysed by using the computer programme RESOLUTION 
(Kirkegaard, Eldrup, Mogensen and Pedersen, 1981). The working • 
principles of this programme are very similar to that of POSITHUNFIT 
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EXTENDED except that the parameters of the time resolution curve 
are treated as fitting parameters. The time resolution curve can 
be fitted as a sum of up to four gaussians of which the widths 
and centroid positions are treated as fitting parameters. 
The positron lifetime spectrum in the positron source consists 
2 
of positrons annihilating in the Kapton foils (1 mg/cm ) plus 
those annihilating in the source material. The total source/foil 
correction is estimated to be 8.5%. The lifetime components of 
the source/foil spectrum are determined in the same experiment 
as the time resolution function by letting the RESOLUTION pro-
gramme search for two lifetime components. A typical result from 
such an analysis gives: t. = 0.381 nsec (Kapton), and T 2 = 2 nsec 
with the intensities: I± = 99.5% and I2 = 0.5%, respectively. 
Hence, a typical source correction spectrum would consist of 
T , = 0.381 i.sec (8%) and T _ = 2 nsec (0.5%). 
si si 
All the positron lifetime spectra of the present work have been 
corrected for background and source/foil annihilations. 
3.4. Discussion of the data analyses 
One of the main problems during the analysis of an experimental 
positron lifetime spectrum is: How can we decide the number of 
exponentially decaying lifetime components that are included in 
a spectrum. It is quite clear that it ic not possible by means 
of the variance of the fit alone to determine this number. By 
increasing the number of exponential functions in the fit the 
variance of the fit decreases and, hence, the goodness of the fit 
becomes better. One can argue that we know (for statistical 
reasons) that the variance of the fit should be close to 1 and 
then use this "fact" in the determination of the number of dif-
ferent lifetime components included in a spectrum. However, the 
use of such an argument implies that a positron lifetime spectrum 
can be divided into a certain number of purely exponentially 
decaying functions. Although, in many cases this may be a good 
description of the spectrum, there are no reasons to believe 
that such a description is other than an approximation of which 
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the goodness is usually not very well known. Also experimental 
uncertainties can probably influence the simple behaviour of the 
variance of the fit. To circumvent this problem we could, of 
course, allow the use of other types of functions in the fitting 
of a lifetime spectrum. However, to do so it 'vould be necessary 
that the selection of these functions should be based on very 
detailed physical knowledge of the behaviour of the positrons in 
the medium investigated, since, otherwise, the inclusion of more 
complex functions in the fitting procedure will probably mean 
that the physics are turned into merely a mathematical exercise. 
In our opinion the present knowledge of the physical behaviour 
of positrons in condensed matter does not allow the use of com-
plex functions to fit a decay spectrum of positrons in such a 
medium. So, although perhaps not strictly correct, the most 
reasonable way of describing a positron lifetime spectrum seems 
to be by the use of exponential functions. However, one should 
be aware that such a description is no more than an approximation. 
Perhaps the least subjective way in which to decide the number 
of exponential functions needed to fit a lifetime spectrum is, 
first, to consider the problem as one of pure mathematics. Using 
this point of view, we simply have to find the number of expo-
nential functions that gives a reasonably low variance of the 
fit together with reasonably well-defined parameters of the 
exponential functions used in the fit. To bring physics into the 
problem we can use the available physical knowledge to judge the 
result and perhaps, in addition, place various types of con-
straints on the analysis. However, in the judgement of the life-
time components one should be aware that each of them does not 
necessarily represent the decay of positrons from single states, 
but could, e.g. be very well associated with the average decay 
rates of positrons from a number of different states. 
For reasons which will become clear later we investigated whether 
or not it was possible to force the POSITRONFIT programme to ex-
tract four lifetime components from a spectrum containing only 
three. An "experimental" spectrum containing three purely expo-
nentially decaying lifetime components was generated by means of 
a programme developed by Eldrup and Kirkegaard, 1973. The decay 
rates and intensities used were taken from a lifetime spectrum 
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obtained in liquid neopentane at T » 125 C and analysed into 
three components witn no constraints. The tim« resclution func-
tion and the total number of time events were the same as for the 
real spectrum measured in neopentane. Furthermore, the spectrum 
was generated in accordance with che statistical scattering of 
the measured points as displayed by a measured spectrum. The 
values of the parameters of the lifetime components were: (T T ) 
* (0.193, 29.486), (Tj, IJ) - (0.848, 11.8581, and ("3, Ij) 
= (9.533, 58.657), where the lifetimes and intensities are given 
in nsec and per cent, respectively. In the analyses of the gene-
rated spectrum the background was fixed to values between ">-50% to 
150% of the original value, and the FWHM of the time resolution 
function was changed from 90% to 110% of its original value. The 
spectrum was analysed in terms of four free lifetimes without any 
constraints, with one lifetime fixed to 0.125 nsec (the lifetime 
of para-Ps), and with the longest lifetime fixed to its original 
value. However, it was not possible by any means to obtain an extra 
lifetime component which could not be clearly associated with 
background corrections or with problems due to the incorrect 
time resolution function. Some typical results from the ana-
lyses are shown in Table IV. The conclusion of this computer 
experiment seems to be that a lifetime spectrum consisting of 
three purely exponentially decaying lifetime components with in-
tensities and decay rates as used in the present case cannot be 
resolved into four components due to errors in the determination 
of the time resolution or background. Of course, in cases where 
the lifetime components do not display purely exponential 
behaviour or where a spectrum consists of lifetime components 
with other values of the decay rates and intensities, the results 
of such a computer experiment could be expected to turn out dif-
ferently. 
In the same computer experiment we also investigated the sensi-
tivity of the lifetime components xn a three-term fit to errors 
in the time resolution and background. The results are shown in 
Figs. 14 and 15. Qualitatively, the behaviour of the lifetime 
parameters are as expected. 
Table IV. Results of four-term analyses performed on a lifetime spectrum Known to consist of 
three purely 
background 
OK 
20% lower 
15% higher 
OK 
OK 
exponentially decaying lifetime 
time resolution 
OK 
OK 
OK 
90% FWHM 
110% FWHM 
variance 
of fit 
0.939 
1.474 
1.347 
0.941 
0.956 
Tl 
0.195 
0.289 
0.160 
0.170 
0.294 
component. 
Jl 
28.759 
17.854 
49.418 
75.879 
8.110 
T2 
0.851 
1.223 
0.730 
0.823 
0.895 
J2 
11.780 
9.003 
13.390 
13.365 
10.222 
T3 
9.534 
10.526 
8.915 
9.527 
9.542 
X3 
58.654 
59.156 
58.048 
59.107 
58.260 
T4 
F0.125 
F0.125 
F0.125 
F0.125 
F0.125 
l4 
0.804 
13.987 
-20.856 
-48.351 
23.408 
4* 
O 
T and I are given in nsec and %, respectively. F indicate fixed parameter. 
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Fig.14. Changes of the lifetime parameters caused by errors in 
the time resolution curve (see text). 
As mentioned in Section 1.5, a typical positron lifetin.e spec-
trum obtained in a pure liquid is usually believed to consist, 
of three exponentially decaying lifetime components attributed 
to the separate decay of para-Ps, free positrons, and ortho-Ps 
(Lévay, 1979, and Goldanskii, 1968). In non-conducting condensed 
matter in which Ps is not formed, the positron decay spectra are 
usually well described by a single exponentially decaying life-
time component with a mean lifetime of the order of 0.3-0.5 nsec. 
As the lifetime of free positrons in non-conducting matter de-
pends on the extent to which the positrons can penetrate into 
the molecules (determined by factors such as polarisability of 
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Fig.15. Changes of the lifetime parameters caused by errors in 
the determination of the background (see text). 
the molecules, repulsion from the positive "core", and zeropoint 
motion of the positrons) it seems reasonable to believe that an 
upper limit of the lifetime of free positrons in condensed 
matter would not deviate much from 0.5 nsec. The spin average 
lifetime of Ps is 0.5 nsec. Thus, a positive indication of Ps 
formation is given if a lifetime spectrum contains lifetime com-
ponents with a mean lifetime significantly longer than 0.5 nsec. 
In an angular correlation experiment a positive indication of 
Ps formation is provided if the curve contains a narrow compo-
nent with a FWHM of the order of 2 mrad or less. Such a nar"row 
component is associated with the intrinsic decay of para-Ps. 
- 43 -
All of the lifetime spectra recorded in this work contained a 
long lifetime component with a mean lifetime we above what 
would be expected for free positrons, and are believed to con-
tain at least three lifetime components due to the decay of para-
Ps (0.125 nsec), free positrons (0.3-0.5 nsec), and ortho-Ps. 
Short remarks on the specific analyses of the positron decay 
spectra obtained in the liquids investigated in this work are 
given in Section 4. 
4. EXPERIMENTAL RESULTS 
As mentioned in Section 3.2, all of the positron lifetime spectra 
have been corrected for background and source/foil annihilations. 
In Figs. 16 and 17 the temperature dependence of T. and I_ of 
ortho-Ps in the liquids: m-phenoxy-phenyl-m-(m-phenoxyphenoxy)-
phenyl ether (5PO) and bis(m-(m-phenoxyphenoxy)phenyl)ether (6PO) 
are shown. The structures of the two molecules are given in Fig. 
12. The lifetime spectra were analysed in ter s of three life-
time components without any constraints. The correlation between 
the two shortest lifetime components (T. - 0.225 nsec and 
T = 0.450 nsec) was rather large, resulting in marked uncertain-
ties in the intensities, I. and I-. However, for the longest-
lived component T , I separated out well at all temperatures. 
The uncertainties of T. and I_ are estimated to be 0.03 nsec 
and 0.5%, respectively. The lifetime spectra were taken alter-
nately at high and low temperatures? no difference was detected 
in the form of the lifetime spectra, indicating no thermal 
hysteresis or long-term radiation damage effects. 
These two liquids form glassy phases at low temperature and do 
not exhibit a first-order melt transition. At higher temperatures 
they have a low viscosity and behave similarly to normal liquids. 
On lowering the temperature the viscosity increases strongly 
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Fig.16. The temperature dependence of the ortho-Ps lifetime x, 
and intensity I, in m-phenoxy-phenyl-m(m-phenoxvphenoxy) phenyl 
ether (5PO). [T J is the glass transition temperature. 
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Fig.17. The temperature dependence of tie ortho-Ps lifetime x, 
and intensity I, in bis(m-(m-phenoxyphenoxy)phenyl)ether (6PO) 
[T ] is the glass transition temperature. 
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until at very low temperatures a glass is formed. The temperature 
dependence of the viscosity of the two liquids is shown in Fig. 18. 
The glass transition temperature has been determined to be -28°C 
and -20 C, respectively, for 5 PO and 6 PO (Barlow, Erginsav, and 
Lamb, 1969, and Cochrane and Harrison, 1972). The glass transi-
tion temperature is denoted as [T.] in Figs. 16 and 17. 
7_ 
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Fig.18. The temperature dependence of the viscosity of SPO and 
5P0, respectively. 
The positron lifetime spectra obtained in liquid SF as functions 
of temperature were resolved into four lifetime components. 
Since previous lifetime spectra obtained in various pure liquids 
have been resolved into only three lifetime components (and in 
some cases only two)(Lévay, 1979, Jansen and Mogensen, 1977 , 
Gray, Cook, and Sturm, 1?68: and Goldanskii, 1968), we would like 
to discuss in some detail the reasons for using this form of 
analysis of the positron decay spectra in liquid SF.. Table V 
lists three different types of analyses performed on a typical 
lifetime spectrum obtained in liquid SF.. at room temperature. 
b 
First, consider the free three-term analysis. The variance of the 
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fit (1.884) is significantly higher than expected from the ex-
perience of three-term fit performed on lifetime spectra obtained 
in various other liquids. The longest-lived component with a 
mean lifetime of = 9.5 nsec clearly indicates that ortho-Ps is 
formed in liquid SFC, and hence para-Ps as well. Thus, the two 
D 
shortest-lived components could be associated with a mixture of 
the decays of para-Ps and free positrons. However, although a 
rather subjective argument, the lifetimes of the two shortest 
components seem to be larger than expected for a simple descript-
ion of the decay of para-Ps (= 0.12 nsec) and fr?e positrons 
(= 0.3-0.5 nsec). However, the variance of the fit itself is 
justification for one to be sceptical. It should be emphasized 
that several lifetime spectra have been obtained in liquid SF. 
at room temperature and the result of the three-term analysis of 
the one shown in Table V is not outstanding. The second example 
in Table V shows the results of a free four-term analysis. We 
observe a significant decrease in the variance of the fit com-
pared to the three-term analysis. However, the parameters of the 
fit are (of course) not as well-defined as in the three-term 
analysis; but still the uncertainties are reasonably low. 
As mentioned above, we expect the decay of para-Ps to be in-
cluded in the lifetime spectrum. Due to the very fast intrinsic 
9 -1 
decay rate of para-Ps (8*10 sec ) we do not expect the life-
time of para-Ps in liquid SPg to be very different from its in-
trinsic value (see Section 5). The determination of such a 
short-lived component is very difficult in a free four-term 
analysis. In order to obtain information about para-Ps as well, 
we decided to constrain the shortest lifetime to 0.125 nsec. 
The results of such an analysis are shown as the last example 
in Table V. We observe that the variance of the fit increases 
slightly compared to the free four-terms fit; however, the 
parameters of the fit are more well defined. In conclusion the 
constrained four-term analysis seems to give the best fit of the 
experimental lifetime spectra with respect to the balance between 
the variance of the fit and the uncertainties of the fitting 
parameters. 
TableV. Results of three different types of analysis performed on a lifetime spectrum obtained 
on liquid SFg at 23°C. 
Number of Number of Variance T, (nsec) I, (%) T_ (nsec) I_ (%) T, (nsec) I, (%) T. (nsec) I- (*) 
lifetimes constraints of the fit ±AT, ±AI, ±AT- ±AI_ ±AT, ±AI, ±AT. ±AI. 
1 1 2 2 J J 4 4 
3 
4 
4 
0 
0 
1 
1 .884 
1 .093 
1 . 2 0 3 
0 .285 
0 . 0 0 3 
0 .194 
0 . 0 1 0 
0 . 1 2 5 
4 0 . 8 
0 . 4 
2 5 . 5 
1 .5 
1 7 . 2 
0 . 5 
0 . 5 7 3 
0 . 0 2 6 
0 . 4 53 
0 . 0 0 8 
2 4 . 9 
1 .2 
3 1 . 5 
0 . 4 
1 . 2 5 0 
0 . 0 3 1 
3 .376 
0 . 2 7 2 
2 . 5 4 4 
0 .132 
1 6 . 4 
0 . 3 
1 3 . 1 
0 . 9 
1 2 . 3 
0 . 4 
9 . 4 8 6 
0 . 0 5 5 
1 1 . 0 5 1 
0 . 2 8 8 
1 0 . 4 7 8 
0 .144 
4 2 . 9 
0 . 2 
3 6 . 4 
1 .2 
3 9 . 0 
0 . 5 
The values shown in Table Y are not exactly those shown in figures 19 and 20 since the latter 
ones are average values of several measurements. 
4* 
-J 
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Above 51 C it was, in addition, necessary to use a fixed life-
time of T . The constraint of T above 5l°C will be discussed in 
Section 5. 
The lifetime measurements have been performed as a function of 
the temperature in three runs with sufficient overlap between 
each run to ensure the reproducibility of the lifetime parameters 
at various temperatures. Furthermore, lifetime spectra at room 
temperature have been obtained several times during each run. 
In Fig. 19 the temperature dependence of the lifetimes is shown. 
The critical temperature T is indicated by an arrow on the 
temperature scale. The full line without experimental points in-
dicates the temperatures at which this lifetime has been fixed 
during the analyses. The inten.^ties I., I., and I. are shown in 
20 
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Pig.19. Temperature dependence of the positron lifetime in liquid 
SFfi as obtained from lifetime spectra resolved into four components 
using a constant lifetime of para-Ps equal to 0.125 nsec. T is 
the critical temperature. 
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Fig.20. Temperature dependence of the intensities I., I,, and 
I 4 in liquid SFg. T c is the critical temperature. 
Fig. 20. The estimated uncertainties of the lifetime parameters 
including both the statistical and apparatus drift are: 
A T 2 = 0.015 nsec, At, = 0.25 nsec, AT. = 0.3 nsec, and AL 2 3 
= 1%, respectively. 
The lifetime spectra obtained in liquid neopentane were resolved 
into three lifetime components with reasonably good variances of 
the fits. The temperature dependence of the lifetimes are shown 
in Fig. 21, while the corresponding intensities I. and I- are 
found in Fig. 22. The critical temperature is marked by an arrow 
on the temperature scale. In the temperature range from 23°C to 
140 C, the lifetime spectra have been recorded in two runs, each 
with a temperature increment of 10°": between measurements. The 
measurements in the second run were performed at temperatures 
between those recorded in the first. At temperatures higher than 
140 C it was very difficult to reproduce the intensity I of the 
longest-lived component while the lifetime T. itself was reason-
ably well reproduced. The values of I- displayed at these tem-
peratures are those which seem most reliable in our opinion. How-
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Fig .21 . Teaperature dependence of the positron l i f e t i m e in 
l iquid neopentane as obtained frost l i f e t i a e spectra resolved 
into three eoaponents. T i s the c r i t i c a l temperature. 
ever, the characteristic decrease of I , at the cr i t i ca l point 
was qualitatively obtained in most of the measurements performed 
at these temperatures. In Section 5, we shall discuss possible 
reasons for the d i f f i c u l t i e s of the reproducibility of I- above 
140°C. 
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Pig.22. Temperature dependence jf the intensities I. and I, in 
liquid neopentane. T is the critical temperature. 
The uncertainties of the lifetime parameters at temperatures 
below 140°C are readable from the figures. The estimated uncer-
tainties are AT, = 0.05 nsec, AT_ = 0.1 r.sec, AT- = 0.05 nsec, 
AX, _= 1.5% and AI, « 0.2%, respectively. 
Figure 23 shows the mobility of the excess electron in liquid 
neopentane =»s a function of temperature. The mobility measure-
ments have been performed by Dodelet and Freeman, 1977. In 
Section 5 we shall discuss the influence of the behaviour of the 
excess electrons on the Ps yield. 
In Figs. 2< and 25 the lifetimes and the intensities as obtained 
in liquid hexane as functions of temperature in the range from 
-72°C to 160°C are given. The lifetime spectra have been resolved 
into three lifetime components without any constraint and with 
reasonably good variances of the fits. The critical temperature 
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Fig.23. Temperature dependence of the excess electron nobility 
in liquid neopentane {Dodeiet and Freeaan, 1977). 
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liquid h jxane as obtained fro« lifetime spectra resolved into 
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ru.25. Teaveratore dependence of the intensities I_ end I, in 
liquid hexane. 
of hexane is T = 234.7 C. The spectra have been obtained in two 
c
 o 
runs of which one covered the temperature range frost 23 C to 
160°C, while the second covered the range fro« -72°C to 23°C. 
The estimated uncertainties of the lifetime parameters are: 
AT. * 0.05 nsec, AT, * 0.1 nsec. AT, » 0.05 nsec, 41. . * 4%, and 
AI3 * 0.5%. Figure 26 shows the mobility of the excess electrons 
in liquid hexane as a function of temperature as determined by 
Huang and Freeman, 1978. The behaviour of the excess electron 
will be related to the Ps yield in the discussion section below. 
Before closing the presentation of the experimental results 
attention should be drawn to a few characteristics of the life-
time components as obtained in the various liquids investigated 
in this work. 
The temperature dependence of T- in the two liquids: 5PO and 6PO 
(Figs. 16 and 17) can be divided into three regions, delow a 
temperature designated T (not far from the glass transition 
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Fig.26. Temperature dependence of the excess electron mobility 
in liquid hexane (Huang and Freeman, 1978). 
temperature) T 3 is almost insensitive to temperature changes, 
while above the temperature denoted T T. increases slightly 
with increasing temperature. At temperatv 
T, shows a strong temperature dependence, 
tures between T and T , 
The most surprising result appearing in the lifetime experiments 
performed on liquid SF, was that the analyses strongly indicated 
that all the lifetime spectra recorded at various temperatures 
contained two lifetime components with lifetimes in the nsec re-
gion. This result has to be compared with that of previous life-
time measurements performed on various other liquids which 
yielded only one lifetime in the nsec region (Lévay, 1979, Jansen 
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and Mogensen, 1977, and Gray, Cook and Sturm, 1968). The life-
time T~ of the new component is essentially constant in the main 
part of the temperature range studied, indicating that the state 
g_ving rise to this component is temperature independent. 
The lifetime T. shows a strong temperature dependence and in-
creases from 5.7 nsec at -45°C to 19.5 nsec at 53 C. The tempera-
ture dependence of the longest-lived component x, in neopentane 
seems to be similar to that of x. in SFg. Taking into consider-
ation that the measurements in liquid hexane have been performed 
at lower temperatures compared to the critical temperature, it 
seems that T_ in hexane behaves very similar to the longest 
"•ifetime in SFg and neopentane. 
In liquid SF, the intens.i.ties I3 and I. depend quite strongly on 
the temperature below the critical point. The intensity I. in-
creases from 16.9% at -45 C to 47.2% at the critical temperature, 
while I- decreases from 16% to 6.4% in this range. The intensity 
I- of the longest-lived component in liquid neopentane increases 
from 52% at 23°C to a maximum of 58.5% at 12C°C. Above 120°C I3 
decreases to a minimum of 57% at the critical point. Above the 
critical temperature, I3 increases with rising temperature. In 
liquid hexane the intensity of the longest-lived component in-
creases with increasing temperature within the temperature range 
studied. 
5. DISCUSSION 
5.1. Discussion of the lifetime components 
As briefly discussed in Section 3.4, the lifetimes of irree posi-
trons in condensed matter are not expected to be much longer 
than 0.5 nsec. Thus, lifetime components • ith a mean lifetime 
significantly longer than 0.5 nsec are generally believed to be 
associated with the decay of ortho-Ps. All of the positron life-
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time spectra obtained in tha liquids: 5P0, 6P0, SF., neopentane, 
and hexane, contained a long-lived component with a mean life-
time significantly longer than expected for free positrons. Thus, 
the longest-lived components in these liquids are attributed to 
the decay of ortho-Ps. The two shortest-lived components are 
then attributed to the decay of para-Ps and free positrons. From 
the lifetimes of the two shortest components (for SFC, see below) 
D 
we clearly observe that these lifetime components do not repre-
sent the separate decay of para-Ps ( = 0.12 nsec) and free posi-
trons, respectively. 
In an angular correlation experiment we measure the center-of-
mass momentum distribution of the positrons and the annihilation 
electrons. The normal decay mode of ortho-Ps is the pick-off 
annihilation by which the positron in ortho-Ps annihilates into 
two photons with an electron of opposite spin on the surrounding 
molecules. Thus, both free positrons and the positron in ortho-Ps 
annihilate with electrons of energies of about 10-20 eV. Hence, 
the angular correlation curves attributed to free positrons and 
ortho-Ps are expected to be quite broad with a FWHM of about 
6-10 mrad. On the other hand, due to the fast intrinsic decay of 
para-Ps, the positron in para-Ps decays mainly with its own elec-
tron. Hence, in contrast to that of ortho-Ps, the angular corre-
lation curve attributed to the decay of para-Ps can be directly 
associated with the center-of-mass wave function (or rather its 
Fourier transform) of Ps. As it is normally assumed that para-Ps 
is in thermal equilibrium with its surroundings prior to anni-
hilation we expect the width of the angular correlation curve 
attributed to the decay of para-Ps to be strongly correlated to 
the degree of localization of the center-cf-mass wave function. 
In cases of almost complete derealization of Ps, the width of 
the angular correlation curve of para-Ps reflects the "thermal 
energy" of Ps, and th-= curve would consequently be close to a 
Dirac function (see Douglas, Eldrup, Lupton, and Stewart, 1979). 
In most liquids, the width of the narrow component of angular 
correlation curves is of the order of 2-3 mrad (Mogensen, 1980). 
Thus, the narrow component of the angular correlation curve 
associated with the decay of para-Ps is usually fairly easy to 
extract from the total curve. It is generally believed that the 
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yield of ortho-Ps is about three times that of para-Ps. Hence, 
a comparison of the intensity of the narrow component as mea-
sured in an angular correlation experiment to the intensity of 
the longest-lived component associated with the decay of ortho-
Ps can serve partly as a test of the interpretation of the life-
time components. Although, usually i.ot in exact agreement in 
many liquids it is found that one-third of the intensity (I../3) 
of the longest lifetime component (in liquids for which it is 
possible to resolve the positron lifetime spectrum into at 
least two lifetime components) is close to the intensity (I ) of 
the narrow component of the angular correlation curve. In liquid 
neopentane and hexane at room temperature the values of (I,/3, I ) 
are, respectively, (17.3%, 19.98%) and (13.8%, 17.34%). 
In liquid SF, all the lifetime spectra were resolved into four 
lifetime components. The lifetimes of the two longest components 
(T_, T.) are both significantly larger than expected for free 
positrons. Hence, we have associated these two components with 
the decay of ortho-Ps. The lifetime of T_ is close to that ob-
served for free positrons in most non-conducting condensed 
matter, and is thus associated with the decay of free positrons. 
As mentioned in Section 4 the shortest-lived component, 
T. = 0.125 nsec, is associated with the decay of para-Ps. The 
fixed lifetime of para-Ps corresponds to the intrinsic lifetime. 
It could be argued that the pick-off annihilation mode is also 
active in the case of para-Ps and, hence, that this annihilation 
channel should be taken into account. However, there seems to be 
no reason to believe that the pick-off annihilation rate of para-
Ps should be faster than that of ortho-Ps. The fastest pick-off 
annihilation rate of ortho-Ps in SF is close to 0.5 nsec (T,)• 
If the pick-off rate of para-Ps equals the faster pick-off rate 
for ortho-Ps, this will reduce the para-Ps lifetime to 0.118 nsec. 
However, qualitatively, the analyses of the lifetime spectra 
would not depend very much on whether the lifetime of para-Ps is 
fixed to 0.118 nsec or to 0.125 nsec. It should also be mentioned 
that we do not know the fraction of para-Ps which annihilates at 
this possible fast pick-off rate (0.5 nsec ). Furthermore, it 
could be expected that the pick-off annihilation rate is lower 
for para-Ps than for ortho-Ps due to the repulsion (exchange 
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forces) between the electron in para-Ps and electrons on the 
surrounding molecules having the same spin direction (Mogensen 
and Eldrup, 1977). Hence, by taking the above into account, a 
fixed lifetime of para-Ps of 0.125 nsec seems to be a reasonable 
value to use. 
Figure 27 shows I1 and 1/3(I_+I4) and the Ps formation all as 
functions of temperature. The latter is calculated simply as 
4/3(1 +I4). On bearing in mind that the intensity I. can be very 
sensitive to any uncertainties in the time resolution, the 
approximate equality of 3^ and 1/3(1 +1 ) seems to support the 
above interpretation of the lifetime components as obtained in 
liquid SFC. 
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Fig_v27. Temperature dependence of the Ps y ie ld in l iquid SF, . 
In addition the intens i ty of para-Ps (I . ) and 1/3 of the inten-
s i t y of the to ta l ortho-Ps> v i z . 1/3 (Ij_ + I4) are shown. T i s 
the c r i t i c a l temperature. 
Above 51 C, i t was not possible to continue the four-term ana-
lyses as described in Section 4. This i s probably because I 
becomes low and tha t T 3 i s an intermediate l i f e t ime . The effect 
cf t h i s i s tha t the cor re la t ion between the three shor tes t - l ived 
components becomes s t ronger , r esu l t ing in an unacceptable in-
crease in the uncer ta in t ies of the f i t t i n g parameters. However, 
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the analyses of the lifetime spectra obtained in SFg above 51 C 
still gave evidence of the existence of two ortho-Ps states. In 
order to extract as much information as possible abouc the short-
-lived ortho-Ps component we decided to fix the free positron 
lifetime T_. The fixed value used for T_ corresponds to the 
average lifetime of the previous ten experimental points. 
The state of Ps in liquids will be discussed in Section 5.2, 
while in Section 5.3 we shall discuss the extra ortho-Ps life-
time in liquid SF,. In Section 5.4 the Ps yield in the liquids 
will be discussed in terms of the positron spur model. 
5.2. The state of Ps in liquids 
As already mentioned in Section 4, the temperature dependence of 
the lifetime of the longest-lived component in liquid SFfi, neo-
pentane, and hexane seems to be very similar if the temperatures 
are compared to the critical temperature of these liquids. In all 
three liquids the lifetime T,(T.; S F É ) shows a strong tempera-
ture dependence. The behaviour of T J T . ; S F C ) a s a function of 
temperature agrees very well with what one would have expected 
from previous measurements of the ortho-Ps lifetime in various 
liquids at room temperature (Lévay, 1979, Gray, Cook, and Sturm, 
1968, and Jansen and Mogensen, 1977) and can be explained in 
terms of the Ps bubble model, where Ps is assumed to "dig it-
self" a hole in the liquid and become localized in a bubble 
state (Lévay, 1979, Ferrell, 1957, and Hernandez, 1976). The 
bubble state of Ps, described briefly in Section 1.5, shall now 
be discussed in some detail. 
At first let us discuss the experimental and theoretical results 
which favour a Ps bubble state, i.e. of the formation of a 
microscopic cavity around Ps resulting in large configurational 
changes of the liquid around Ps (see Table II in Section 1.3). 
The strongest experimental evidence of the Ps bubble state in a 
liquid is found in lifetime and angular experiments performed on 
liquid He (Hernandez, 1976, and Briscoe, Choi, and Stewart, 
1968) . The change of the pick-off lifetime in solid-to-liquid 
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transitions (Petersen, Eldrup, and Trumpy, 1970, Kluth, Clarke, 
and Hogg, 1964, and Germagnoli, Poletti and Randone, 1966) for 
normal liquids strongly supports the Ps bubble theory. Even in 
the ice-water transition where the density increases, the pick-
off lifetime is observed to increase roughly by a factor of two 
in going from ice to water (Petersen, Eldrup, and Trumpy, 1970). 
From studies of vacancies in molecular crystals we can also get 
experimental support for the Ps bubble model. Typical pick-off 
lifetimes of ortho-Ps trapped in vacancies in molecular crystals 
are: 1.2 nsec in ice (Mogensen and Eldrup, 1978, and Eldrup, 
Mogensen, and Bilgram, 1978), 2.45 nsec in succinonitrile 
(Eldrup, Pedersen, and Sherwood, 1979), 2.9 nsec in adamantane 
(Lightbody, Sherwood, and Eldrup, 1980), and 3.2 nsec in camphene 
{Eldrup, Mogensen, and Sherwood, 1979). If we neglect relaxation 
around the vacancies the corresponding vacancy radii are: 
= 2 Å (ice), = 3 A (succinonitrile, = 3.7 A (adamantane), and 
= 4 A (camphene). From the molecular volume of SF,, neopentane, 
and hexane we get the corresponding "molecular radii" at room 
temperature: = 3.5 A (SF,), = 3.65 A (neopentane), and = 3.7 A 
(hexane). Thus a comparison of the pick-off lifetime of ortho-Ps 
in liquid SFfi, neopentane, and hexane to that measured in vacan-
cies in molecular crystals strongly suggests that Ps in liquids 
is localized in a state in which the density of the liquid mole-
cules is substantially lower than the average density of the 
liquid molecules. Finally, perhaps the strongest argument for 
using the Ps bubble picture for the state of Ps in liquid comes 
about through angular correlation experiments where the momentum 
distribution of para-Ps is found to be consistent with a localized 
state of Ps (Jansen, 1976, and Mogensen, 1980). 
Without going into detail we show in Fig. 2B the relation between 
the width of the momentum distribution of para-Ps and the pick-
off lifetime as obtained in some "typical" liquids. The data 
have been collected from the works of Jansen and Mogensen, 1977, 
Crp.y, Cook, and Sturm, 1968, Mogensen, 1980. Qualitatively, the 
pick-off lifetime T behaves as expected according to the bubble 
model, viz. T decreases with increasing degree of localization 
of Ps. It should be mentioned that it is possible to find a few 
liquids in which the relation between the width of the momentum 
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Fig.28. Correlation between the width of the momentum distr ibu-
t ion of para-Ps and the pick-off l i fe t ime of ortho-Ps in some 
selected l iquids (see t e x t ) . 
d i s t r ibu t ion of para-Ps and the pick-off l i fe t ime of ortho-Ps 
does not f i t in to tha t shown in Fig. 28. 
Theoretical arguments for the existence of the Ps bubble in 
l iquids can be found in the work on the so-called free volume 
model introduced by Brandt, Berko, and Walker, 1960. In t h i s 
model Ps i s assumed to be in the free volume between the mole-
cules , and furthermore, tha t the s t ruc ture of the medium i s 
mainly unaffected by the presence of Ps. The l a t t e r infers t ha t 
Ps i s in an extended s t a t e such tha t the zero-point motion of Ps 
can be neglected. Using these assumptions i t turns out tha t the 
l i fe t ime of ortho-Ps i s determined mainly by the free volume of 
the medium. In order to be able to perform a ca lcula t ion of the 
pick-off l i fe t ime the molecules are represented by square-well 
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types of potentials arranged according to the symmetry of the 
molecules of the medium; the lifetime is then determined by 
T = T S(vf, U), where S(vf,U) depends on the overlap between the 
Ps v/ave function and the molecules; vf and U are, respectively, 
the free volume and the energy barrier height of the potential 
representing the molecules. The constant x is usually taken 
to be 0.35 nsec which is not far from the lifetime of Ps 
(Ferrante, 1968). 
In ice in which Ps is in an extended state in the bulk (Mogensen 
and Eldrup, 1978) the free volume model explains the temperature 
dependence of ortho-Ps at low temperatures fairly well. At higher 
temperatures the free volume model predicts lifetimes of ortho-
Ps which are too low, very probably due to the presence of vacan-
cies (Eldrup, Mogensen, and Bilgram, 1978, and Mogensen and 
Eldrup, 1978). However, for normal liquids with pick-off life-
times of the order of 3-5 nsec or longer it is probably not pos-
sible to fit the temperature dependence of the pick-off lifetime 
by means of the free volume model. Merely to fit a single point 
will demand high values of x and U, which probably are physic-
ally unreasonable. The lack of success of the free volume model 
in explaining the pick-off lifetime of ortho-Ps in liquids 
strongly suggests that Ps is situated in a cavity which is 
appreciably larger than the average free volume per molecule. 
This together with the momentum distribution of para-Ps in 
liquids strongly seems to favour the idea of the Ps bubble in 
liquids. Furthermore, in the case of polymers it has been necess-
ary to increase x by roughly a factor of three in order to get 
agreement between theory and experiment (Brandt, Berko, and Walker, 
1960). In a polymer Ps is very probably trapped in pre-existing 
cavities which are larger than the average one and which perhaps 
are further enlarged due to the zero-point motion of Ps. Also it 
should be mentioned that delocaiized Ps has been observed only 
in solids such as ice (Mogensen and Eldrup, 1977), quartz 
(Brandt, Coussot, and Paulin, 1969), etc., while in softer mol-
ecular solids the angular correlation curves do not indicate 
that para-Ps annihilates from an extended state. 
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Altogether, the presently available data on the Ps state in 
liquids and solids strongly favour the Ps bubble state in normal 
liquids. Thus, the longest-lived components in the liquids: SF,, 
neopentane, and hexane will be interpreted in terms of the Ps 
bubble model. The Ps bubble state in liquids is still not uni-
versally accepted, probably partly because a clear definition of 
the state has not been given. We recommend the use of the defini-
tion given by Jortner and Gaathon, 1977; see Table II, Section 
1.4. 
The detailed processes which occur during the formation of the 
Ps bubble are not very well understood at present. Furthermore, 
the presently available knowledge of Ps-molecule interactions, 
etc. does not allow a detailed calculation of the structure of 
the Ps bubble. In addition, the detailed structure of the bubble 
cannot be derived from positron annihilation results at present. 
Thus, the situation is roughly similar to that encountered in the 
studies of electrons in various states in liquids where, in par-
ticular, lack of detailed experimental information limits the 
usefulness of complex mathematical models of the electron states 
in many cases. Hence, fairly simple models of the Ps bubble are 
normally used in the interpretation of the experimental results. 
The mathematical model commonly used to calculate the properties 
of the Ps bubble is one in which the Ps bubble is represented by 
a spherical square-well potential and in which the liquid mole-
cules outside the bubble are treated as a continuum (Buchikhin, 
Goldanskii, arid Shantarovich, 1971a, and 1971b, and Lévay and 
Vértes, 1976). Recently, a more detailed bubble model based on 
density- functional theory has been formulated by Nieminen, 
Valimaa, Manninen and Hautojårvi, 1980, and used to calculate the 
structure of the Ps bubble in liquid He. Although, while perhaps 
successful in He and in other atomic liquids, it is probably not 
useful, at present, to apply this new theory to cases of the Ps 
bubble in molecular liquids. 
However, as the spherical square potential is often used as a 
model of the Ps bubble in normal liquids we shall discuss it in 
some detail. 
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The size of the Ps bubble is determined by minimizing the free 
energy of the system, Et(r), which is given by: 
Et ( r ) " ^ s ( r ) * E s ( r ) (18) 
where E_ and E are the zero-point energy of Ps localized in 
the bubble state and the work necessary to create the bubble, 
respectively. Furthermore, the following approximation is used 
for the pick-off lifetime T : 
P 
T p 1 = XP " w r2 c n«rftP ( k rb ) ( 1 9 ) 
where r ,c,n,z ~~, P(kr.),k, r. are, respectively, the classical 
radius of the electron, the speed of light, the density of mole-
cules, the average number of annihilation electrons per molecule, 
the quantum mechanical probability of finding Ps outside the 
bubble, the quantum number, and the bubble radius. The value of 
z --, is usually taken to be the number of valence electrons. As 
erf 
most cf the previous lifetime experiments have been performed at 
temperatures of low vapour pressure, E has usually been set 
2 
equal to 4i»r o , where o is the macroscopic surface tension. By 
taking the vapour pressure into account and by assuming the 
potential energy of Ps to be -U inside the bubble and zero else-
where we obtain, by minimizing (18): 
{krb(tan(krb)-krfa)}"1sin4(krb> 
= -irh20/(meU2) - irh3krbPv/(4m^/2U5/2sin(krb)) 
where P is the vapour pressure. Furthermore, by use of the 
model we can calculate the probability, P(kr.), of finding Ps 
outside the bubble: 
P(krb) = {1 - krbcot(krb)}_1sin2(krb) (21) 
Thus, by knowing the pick-off annihilation rate, T , P(kr. ) can 
P b 
be determined from (19), krfc from (21)» and 0 from (20), where-
as k and r. are determined from the relation: 
2**k k= (*n u/h)*sin(krj. 
e b 
of course, the simple square-well model of the Ps bubble can be 
criticized for several reasons: Some of the calculated bubble 
parameters can be judged in only a rather subjective way, and 
the relation (19) is not obvious. Furthermore, the use of the 
macroscopic surface tension is incorrect for two reasons: I) com-
paring the range of the forces between the liquid molecules (5-15 
A) to the calculated bubble radii (typical 3-8 A), it is easy to 
see that the use of the macroscopic surface tension in E is not 
reasonable both because of the bubble size and the surface cur-
vature, and 2) the surface tension of a liquid in equilibrium 
with its own vapour pressure is not expected to be the same as 
the surface tension of a liquid in equilibrium with the Ps 
bubble. Concerning only the second component, the use of the 
macroscopic surface tension can perhaps be justified at tempera-
tures of low vapour pressure, while at high vapour pressure it 
may turn out to be a very bad approximation. 
In order to gain insight into the model let us apply it to 
21 -3 liquid SF£ at room temperature, where we have n = 5.5-10 cm , 6 
o = 2.78 dyn/cm, P = 22.5 atm, and T = 11.4 nsec. At first, we 
have to decide upon the number z ,f. Assuming that roughly three 
of the fluorides are sticking into the bubble we have taken 
z ,f = 12. However, qualitatively, the following does not depend 
very much on the actual value of z -f. r'rom Eq. (19) we obtain 
P(kr.) = 0.18, from (21) kr. = 2.3, and from (20) u = 0.367 eV. 
By using the relation between k, kr., and U given above, we ob-
tain r. = 7 A. The energy function versus radius can be calcu-
lated by assuming U to be independent of r, and by using: 
Et(r) = Eps(r) + 4irr2o + 4/3nr3Pv 
Eps(r) = - Ucos2{(4me/fi2)*(Eps + U)*r} (22) 
The various energy terms are shown in Fig. 29. As observed from 
this figure the energy minimum of E is not very pronounced when 
compared to the thermal energy. Changes in the energy of - kT 
correspond to changes in the radius of roughly 25%. Hence, the 
use of the model suggests that the Ps bubble is a very dynamic 
state and it is therefore probably not reasonable to treat the 
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Fig. 29. The t o t a l energy E% of th« Ps bubble s t a t e as function 
of th« bubble radius. Purthenaore, the radius dependence of the 
various energy terms contributing t o the to ta l energy are shown. 
Hcte that the t o t a l energy, E . , and the xero-point energy of Ps , 
Epm, are displayed as -Efc and -Ep s , respect ive ly . 
Ps bubble within a s t a t i c continuum p ic ture . Furthermore, small 
changes in the energy versus radius re la t ion E (r) caused by the 
use of d i f f e r e n t approximations may correspond to f a i r l y large 
changes in the bubble radius . 
Taking the above into account, i t seems t o be more reasonable a t 
present to be s a t i s f i e d with a q u a l i t a t i v e model for the Ps 
bubble rather than a quant i ta t ive one that g ive s numerical values 
for various physical propert ies with very probably large uncer-
t a i n t i e s . 
In »any previous lifetime experiments performed on various 
liquids a very simple semi-expirical relationship between the 
pick-off lifetime r and the macroscopic surface tension has 
been found (Tao, 1972, and Lévay and Vértes, 1976): 
T"1 = 0.062o0-51 (nsec)"1 (23) 
with ° in CGS units. Furthermore, based on a semi-empirical 
relationship between the solubility parameter and the surface 
tension. Tao, 1972, predicted that the pick-ofJ annihilation rate 
should be proportional to the solubility parameter {> - ' ) . The 
solubility parameter is given by i * (AH -RT)/V , the cohesive 
energy density. Such a correlation is, of course, expected if 
the bubble picture is used to interpret the state of Ps in 
liquids. Zn a study by Skytte Jensen, 1976, it was shown, how-
ever, that the correlation between * and £ fails, except for 
P 
non-polar liquids. However, by using only the dispersive part 
(5 ) of the solubility parameter a fairly good correlation was 
obtained (except for water). The correlation between ' and * 
indicates that the Ps bubble in liquids is formed in or diffuses 
to configurations for which the interactions between the mol-
ecules are weakest. Thus, the use of an average surface energy in 
the interpretation of the Ps state might be nisleading in cases 
•n which the liquids comprise molecules which interact through 
several types of interactions. 
However, for liquid SF,, neopentane, and hexane it seea.s reason-
o 
able to believe that the pick-off lifetime can be correlated to 
the average surface energy. However, relation (23) cannot be 
used in the present case since it is found for liquids in a 
temperaturA region of low vapour pressure. It is, therefore, 
reasonable to introduce here a new semi-empirical formula for 
T versus the surface tension o and the vapour pressure P . 
Let us assume that the Ps wave function outside the Ps bubble is: 
V = A'i exp(-a'r), where A' and a* are constants. In a continuum 
model and by neglecting electron density variation with tempera-
ture we get by use of Eq. (19): 
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x"1 « 2ir(A,)2(a,)'1exp(-2a,rb) (24) 
To estimate the bubble radius r. an infinitely deep square-well 
potential is used as the Ps potential. Hence, by minimizing the 
total energy (18) we get the bubble radius: 
rb = ( Ti2/16me)1/4{o + ^ b ? v } " 1 / 4 (25) 
where m is the mass of the electron. Because of the exponent 
-1/4 we can assume that r, is roughly constant on the rhs of 
-1/4 Eq. (25). Hence, r,a (o+8P ) .In that way wTe can make our new 
semi-empirical expression plausible: 
x"1 = Aexp{-a(a + 6P )"1/4} (26) 
where A, a, and 3 are fitting constants. By fitting Eq. (26) to 
the longest lifetime in liquid SF,, neopentane, and hexane the 
o 
full lines shown in Figs. IS, 21, and 24 are obtained. As obser-
ved from the figures relation (26) fits the experimental results 
very well. The temperature dependence of the vapour pressure in 
SF-, neopentane, and hexane was taken from the work of Mears, 
Rosenthal, and Sinka, 1969, Dawson, Silberberg, and McKetta, 
1973, and Handbook of Chemistry and Physics (CRC 1972-73), re-
spectively. The temperature dependence of the surface tension 
was determined by assuming a linear temperature dependence of a 
and that o = 0.0 dyn/cm at T . For liquid SFfi, neopentane, and 
hexane we used a = 11.63 dyn/cm at -50 C (Gmelin Handbuch der 
Anorganischen Chemie, 1963), o = 14 dyn/cm at 23°C (authors 
estimate), and o = 18.43 dyn/cm (Handbook of Chemistry and 
Physics, CRC 1972-73), respectively. The values of the parameters 
used to fit the longest lifetimes of ortho-Ps in the three 
liquids are shown in Table VI. As observed, the values of the 
fitting parameters differ somewhat from liquid to liquid. 
However, it is probably not worthwhile to discuss these differ-
encies, taking into account the basis of relation (26), the 
uncertainties of the temperature dependence of the surface ten-
sion used in the fits, etc. 
- o 9 -
Tab:e VI. Values of the parameter in Eq.(26) as used to f i t the 
pick-off l i f e t i m e in SFfi, neopentane and hexane. 
Liquid 
SF6 
neopentane 
hexane 
A (nsec 
1.65 
1.65 
1.77 
• 1 
; a (dyn/cm) 
4.2 
4.2 
4.1 
1/4 S (dyncm atra ) 
o.o56 
0.100 
C.110 
As i s noted in F i g s . 10 and 21 the l i f e t i m e of the l o n g e s t - l i v e d 
component in l i q u i d SF and neopentane con t inues to inc rease with 
r i s i n g tempera ture beyond the c r i t i c a l t emte r a tu r e T . This be -
c 
haviour of T3(T4,SF,) could seem a little surprising. However, 
although the surface tension of a liquid in equilibrium with its 
own vapour pressure becomes zero at the critical point this need 
not necessarily be the case for the microscopic surface tension 
of a liquid in the equilibrium state of the Ps bubble. At higher 
temperatures T 3(T 4,SF ) decreases slightly with increasing tem-
perature. This is explained by the increase in vapour pressure. 
In the following we shall discuss the temperature dependence of 
the ortho-Ps lifetime in the liquids: 5PO and 6PO (see Figs. 16 
and 17). As the behaviour of T as a function of temperature is 
very similar in both liquids we shall discuss the lifetime re-
sults without differentiating between 5PO and 6P0. 
Below the temperature T the lifetime of ortho-Ps is independent 
of temperature, probably reflecting the equilibrium defeat dis-
tribution of the glass state. Similar organic structures may be 
expected to possess similar entropies in the glassy state and 
possibly also similar defect densities. To some extent this 
hypothesis is supported by the closely similar values of the 
ortho-Ps lifetime observed in the two liquids. 
Above T the lifetime of ortho-Ps increases markedly with in-
creasing temperature. It is cf interest that the T value ob-
tained from the positron studies is lower than that observed 
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from viscoelastic measurements [T ] . One reason may be that 
g V 
whereas the viscosity reflects the mean distribution of the free 
volume, the ortho-Ps lifetime is very probably sensitive to 
fluctations in the defect distribution. For energetical reasons 
Ps is probably trapped in pre-existing cavities (defects) which 
are larger than the average cavity. Such fluctuations in the 
defect distribution will not necessary lead to mass transport 
and therefore not influence the viscosity. On the other hand, 
they will significantly influence the overlap between the Ps 
wavefunction and the molecules and, hence, the pick-off lifetime 
of ortho-Ps. Further, the pressure which Ps exerts or its sur-
roundings may tend to lower the glass transition temperature of 
the material around it. 
Supercooling has been studied in a large number of liquids and 
the nature of this mesophase is well established. Molecular 
motion in the supercooled state is cooperative viz. motion of a 
particular molecular unit requires the motion of neighbouring 
molecular units. Cooperative relaxation can be described in 
terms of a defect diffusion model by which the motion of a par-
ticular thermally-activated molecule is controlled by the free 
volume in its neighbourhood. Measurements on a wide variety cf 
liquids have indicated that there is good correlation between 
the shift in the dielectric relaxation frequency and the vis-
cosity. In the high viscosity region, the viscosity is known to 
be influenced by variation of the free volume. 
Fig. 30 shows the lifetime of ortho-Ps versus the viscosity n 
(Logn) for the two liquids. The variation of Log(n) and the 
ortho-Ps lifetime is linear over nearly eight decades of the 
viscosity, implying a fundamental connection between the life-
time of ortho-Ps and the free volume in the high viscosity region. 
P 
The loss of the linear correlation at a viscosity of ^ lo P 
suggests that a new effect may begin to be important. As discus-
sed above, Ps is very probably trapped in pre-exir,ting cavities. 
Q 
At viscosities higher than = 10 P the Ps cavity is probably de-
termined mainly by the pre-existing holes. They may be enlarged 
somewhat due to the presence of Ps by primarily elastic proces-
ses in the surrounding structure. Due to the pressure which Ps 
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Fig.30. Correlation between the v i scos i ty and the pick-off l i f e -
time of ortho-Ps as measured in the l iquids: 6P0 and 5PO. 
e x e r t s on i t s surroundings i t seems reasonable to assume t h a t 
the l o s s of l i n e a r i t y between Log(n) and the o r tho-Ps l i f e t i m e 
i s caused by a fu r the r r e l a x a t i o n enlargement of the p r e - e x i s t -
ing c a v i t i e s which t r a p P s . At v i s c o s i t i e s below approximately 
Q 
10 P a long range relaxation of the surrounding structure due 
to the pressure of Ps may begin to be rapid enough to take place 
before ortho-Ps decays. 
Above temperature T the ortho-Ps lifetime becomes less sensitive 
to increasing temperature. Above Tr the two liquids behave 
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roughly similar to normal liquids. Thus it is reasonable to 
assume that at temperatures above T the ortho-Ps cavity can 
relax into its equilibrium size before ortho-Ps annihilates. 
Hence, it is expected that the lifetime of ortho-Ps can be in-
terpretated in terms of the Ps bubble model. By using the semi-
-empirical relation between the pick-off lifetime and the surface 
tension given by Tao (1972) Equation (21V), we obtain x3=2.85 nsec 
(2.46 nsec), i.e. roughly the measured lifetimes, for a=30 dyn/cm 
(40 dyn/cm). Preliminary measurements (Barlow, Erginsav and Lamb, 
1969) gave ^ =30-40 dyn/cm for both liquids just above T . 
Thus, according to the discussion given above, the lifetime of 
ortho-Ps at temperatures between T and T , is very probably 
closely related to the time it takes to form the Ps bubble in 
its equilibrium state. At temperatures close to T the Ps bubble 
formation time is probably much longer than the lifetime of 
ortho-Ps, while at temperatures close to T the bubble formation 
time and the lifetime of ortho-Ps are probably of similar order. 
However, due to the lack of detailed information about the struc-
ture and the distribution of the pre-existing cavities we do not 
consider it. possible to obtain more detailed information of the 
tine aspect of the Ps bubble-formation process. 
5.3. The extra ortho-Ps lifetime component in liquid SF 
Perhaps the most important result of the lifetime experiment per-
formed on liquid SF was the appearance of a short-lived ortho-
-Ps component with the lifetime T_. Of course, we did not ex-
pect to find such a component, and hence, we measured the spectra 
several times and checked carefully for the possibility that 
this component was caused by impurity effects, etc. (see below). 
However, we had to conclude that this component is an intrinsic 
property of SF, and Ps. 
As observed from Fig. 19 the lifetime T3(2-2.5 r.sec) of this new 
short-lived ortho-Ps component depends only weakly on the tem-
perature in the main part of the ter.perature range studied. Due 
to the lack of detailed information of the spur properties in 
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liquid SFfi (no radiation chemistry experiments have yet been 
performed on liquid SF-) and on Ps-SF, interaction it is not an 
easy task to interpret the short-lived ortho-Ps component. 
However, in principle, we can imagine two possible causes for 
the appearance of the short-lived ortho-Ps component: 1) a reac-
tion of ortho-Ps with some of the spur species in the positron 
spur, and 2) the possibility that ortho-Ps can annihilate from 
two different states in liquid SF,. 
In the former case it should be emphasized that the kinetics of 
reactions between spur species (recombination, Ps formation, Ps 
reaction with other spur species, etc.) are expected to be highly 
non-homogeneous in nature. In general, the reactions between the 
various spur species are believed to depend strongly on space and 
time. If homogeneous kinetics were applied to possible reactions 
between Ps and some of the other spur species it would turn out 
that the decay of ortho-Ps can be expressed in terms of a single 
lifetime component with a lifetime given as T = T + k [X ], r
 p n n 
where T is the pick-off lifetime and the [X]'s are average 
densities of the spur species; k is a rate constant which depend 
on the diffusion properties of Ps and X as well as specifically 
on X . However, if the reactions between Ps and some of the spur 
species depend on space and time it is not very hard to imagine 
that the decay of ortho-Ps is not very well described by a 
single decaying exponential function. Typical spur species which 
may react with Ps are: the positive ions (of which at least one 
must exist in the spur in the whole lifetime of Ps), the excess 
electrons which have not yet recombined with the positive ions, 
etc. A reaction between a positive ion and Ps will probably 
lead to an oxidation of Ps, while a reaction with one of the ex-
cess electrons might result in the formation of Ps~ (Mogensen, 
1981) . Furthermore, possible formation of triplet states during 
the recombination of the excess electrons and the positive ions 
could be expected to have an influence of the lifetime of ortho-
-Ps (exchanges of electrons, spin flip, etc.). Intuitively/ we 
expect some of the above-mentioned Ps reaction processes to take 
place in the spur, e.g. it is not very difficult to imagine that 
the Ps-positive ion reaction must be important in cases where Ps 
is formed close to the positive ions while in cases of Ps forms-
- 74 -
tion at larger distance from the positive ions this process is 
probably of no importance. However, generaliy, the present know-
ledge of the distribution of Ps as function of space and time 
does not allow us to estimate, quantitatively, the importance of 
such Ps reactions. On the other hand, the strong temperature de-
pendence of the Ps yield in the temperature range from -45°C to 
23 C indicates changes in spur porperties such as changes of the 
distribution of excess electrons/positron. Such changes would be 
expected to have an influence on Ps reactions with other spur 
species and thus cause changes in both the lifetime T, and the 
fraction of ortho-Ps in the short-lived ortho-Ps component. 
Although the fraction of ortho-Ps in the short-lived component 
is sensitive to changes in temperatures, the lifetime T^ is 
almost constant in the range from -45 C to the critical point. 
The temperature independence of T~ can perhaps be taken as an 
indication that Ps reactions with other spur species are not the 
main cause of the appearance of the short-lived orhto-Ps component. 
However, the two ortho-Ps lifetime components can be well under-
stood if it is assumed that ortho-Ps can annihilate from two dif-
ferent states in liquid SF,. Hence, the value of the short-lived 
ortho-Ps lifetime (2.-2.5nsec) indicates that this part of ortho-
-Ps is localized in a free volume corresponding to a radius of 
roughly 3-4 A. This estimate is derived from measured pick-off 
lifetimes of ortho-Ps trapped in molecular crystals (see section 
5.2). This estimate is also in agreement with the experience of 
the pick-off lifetime versus the degree of localization of Ps 
as derived from angular correlation experiments in a number of 
liquids (Jansen, 1976, and Mogensen, 1980). Similar short pick-
-off lifetimes have been measured for other liquids (Gray, Cook, 
and Sturm, 1968, and Jansen and Mogensen, 1977). However, in 
those cases only one ortho-Ps lifetime component was found and 
in most cases the li fetime could be explained by reference to a 
high surface tension. In a previous work (Jacobsen, Eldrup, and 
Mogensen, 1980) CS_ was mentioned as a specific example of such 
a liquid (T =2.2 nsec). However, the short pick-off lifetime in 
CS. cannot be explained simply by reference to the surface ten-
sion (a=33dyn/cm). By use of the semi-empirical relation between 
the pick-off decay rate (Eq. 23) we obtain T =2.7 nsec in CS-. 
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Furthermore, the width of the narrow component of the angular 
correlation curve (FWHM=2.6 mrad) associated with the decay of 
para-Ps is not in agreement with the relationship between that 
and the pick-off lifetime (see Fig. 28). 
Although the size of the free volume corresponding to T:, is not 
much larger than the average free volume per molecule at higher 
temperatures it still seems to be justified to call this Ps state 
a bubble state with reference to Table II in Section 1.3. appar-
ently, the short-lived ortho-Ps state can be explained by as-
suming that the energy-versus-radius relation of the Ps bubble 
has two minima, one corresponding to a radius of roughly 3-4 A 
and a deeper minimum which in principle can be determined as de-
scribed in Section 5.2. The kind of interaction which causes the 
minimum corresponding to the state of the short-lived ortho-Ps 
is, however, not known at present. On the other hand, two prop-
erties of SF£, viz. its rather high polarizability, a=16 A 
b 
(Tiipton, Dea, and Boogs, 1964) and its electron affinity, 
EA=0.6 eV (Nyikos, van der Ende, Warman, and Hummel, 1980) make 
SF- different from other "normal" liquids studied before. Thus, b 
it seems reasonable to connect the short-lived ortho-Ps state 
with one of these properties, perhaps both. As mentioned pre-
viously, a repulsion is found between most "normal" molecules 
and Ps. The reason is very probably 1) the Coulomb and exchange 
interaction between the electron in Ps and the molecules, and 
2) the neutrality of Ps which strongly reduces the polarization 
attraction of any of the two particles. A positron can penetrate 
the valence shell and is repelled only by the positive atomic 
cores. However, due to the high electron affinity of SFC, repul-
b 
sion between the electron in Ps and the SF,. molecules might be 
b 
reduced compared with a "normal" molecule case while the high 
polarizability of SF, increases the strength of the attractive 
induced dipole - inducer dipole interaction between Ps and the 
nearest SFfi molecules. Concerning the van der Waals forces it 
should be noted that the polarizability of Ps is roughly eight 
times that of hydrogen. Thus, the inclusion of these two effects 
in the energy-versus-radius relation of the Ps bubble might re-
sult in an extra minimum in the SF, case compared with the 
"normal" liquid case. Some support for the explanation is found 
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in the measured pick-off lifetime in gaseous SF, (Osmon, 1965) 
which is shorter than that in other normal gases at a given pres-
sure. This indicates a stronger overlap of Ps with the SFC mol-
ecules than with other "normal" molecules. The weak temperature 
dependence of the lifetime of the short-lived ortho-Ps component 
is not in conflict with the above interpretation of this life-
time component as non. of these attractive energy terms are ex-
pected to be very sensitive to temperature. 
We also performed some measurements to investigate the influence 
of impurities on the short-lived ortho-Ps component. The number 
and amount of impurities was analysed by means of gas chromato-
graphy and mass spectrometry. The sample used in these analyses 
was taken from the vapour phase of the original sample that was 
studied in the lifetime experiment. The results of these anal-
yses gave 0.02% mole fraction of 0- and 0.16% of N_. The concen-
tration of O- and N_ was then increased to 0.08% and 0.4%, re-
spectively. The lifetime parameters of ortho-Ps obtained in the 
two cases are shown in Fig. 31. The effect of the increased im-
purity level is clearly demonstrated by the quenching of the 
lifetime x.. A quenching effect on the short-lived ortho-Ps life-
time is also observed at room temperature while no effect is ob-
served at 35°C and 40°C. However, the most important result shown 
in Fig. 31 is that within the experimental uncertainties the 
intensities I, and I. remain fixed upon changes of the concen-
tration of O- and N-, which were the only impurities detected. 
Thus, the results displayed in Fig. 31 strongly indicate that 
the appearance of the short-lived ortho-Ps component is an in-
trinsic property of liquid SF- and, hence, that the formation of 
the short-lived ortho-Ps state is caused mainly by the inter-
action between Ps and the bulk molecules (SFg). 
If it is assumed that only 0^ causes quenching of T 4 and that 
the concentration ratio of 0- also in the liquid in the two 
cases is four as in the vapour phase, the true pick-off lifetime 
of the long-lived ortho-Ps component, the product of the 
quenching constant (k), and the concentration ([O-]) can be cal-
culated using: 
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Fig.31. Impurity dependence of the ortho-Ps lifetime parameters 
in liquid SF-. The concentration in mole fractions were: 0^(0.02%) 
and N,(0.1*;%) (?) , and O2(0.08%) and N2(0.4%) (7) , respectively, 
as measured in the vapour phase. 
A = X + A. + k[0-J p in 2 (27) 
where A, A. , and A are the measured, intrinsic, and pick-off 
decay rate, respectively. The values obtained for A are 12.7 
nsec, 15.8 nsec, and 17.5 nsec, respectively, at 23.5°C, 35°C, 
and 40°C. The values for k[0o], given for 0.08% of 0- in the 
7 - 1 7 - 1 
vapour phase, are on the same order, 3.5*10 sec , 2.3*10 sec , 
and 2.1*10 , respectively. At present, however, it is not pos-
sible to explain the behaviour of k[0_] as a function of tem-
perature as the solubility of O. in liquid 5Fg is unknown. 
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Pig.32. TnpiMtttw dependence of th« fraction of ortho-Ps in 
liquid SF. which annihilates from the snail bubble state. T is 
th« critical tamperatur«. 
In Fig. 32 the fraction of the total intensity of ortho-Ps that 
annihilates from the short-lived ortho-Ps state is shown 
d 3= I_/(I_-»- I.)J. An interesting question that cannot be 
answered from the present work is the following: Is the measured 
distribution of ortho-Ps in the two states formed within a short 
time compared with t, or does the main part of the Ps formed 
enter the short-lived state during or after its formation? In 
the latter case ortho-Ps must have a certain probability of 
making a transition to the normal bubble state depending on e.g. 
the energy barrier separating the two states, the dynamics of 
the liquid, the availability of nearby free volume, etc. In the 
former case, the intensity II can probably be correlated to the 
density of the liquid. In a qualitative manner both models can 
explain the decrease of I' with rising temperature up to the 
critical point. Above the critical point the behaviour of I' 
suggests that the formation of the short-lived ortho-Ps state 
correlates to the density of the liquid. Due to the difference 
in lifetime of para-Ps and ortho-Ps it should be possible to dis-
tinguish between the two cases if results from angular corre-
lation experiments are compared to the lifetime results. We hope 
to be able to perform such an experiment. 
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In liquid neopentane and hexane the positron lifetime spectra 
were mathamatically well described in terms of threr exponen-
tially decaying lifetime coBspor.ents. However, as briefly dis-
cussed in Section 3.4 the mathematical goodness of the descrip-
tion of a positron lifetime spectrum is perhaps not alvays an 
accurate measure of the number of states from which the positron 
can clocay in a medium. Hue to t\is argument we decided to analyse 
the positron lifetime spectra measured in hexane and neopentane 
in terms of four lifetime components with a constant lifetime 
of para-Ps (0.125 nsec). In the hexane case the analyses did not 
indicate the presence of an extra lifetime component. However, 
in neopentane at temperatures higher than 100 C the analyses 
indicated the appearance of an extra lifetime component with a 
lifetime close to = 2 nsec. At lower temperatures the analyses 
displayed a rather large correlation between the two longest-
-lived components. In order to decrease the number of freedoms 
of the analyses we decided (on non-physical grounds) to repeat 
the four-term analyses but with two lifetimes fixed to 0..T25 nsec 
and 2 nsec, respectively. The lifetimes and intensities of such 
analyses are shown in Figs. 33 and 34, respectively. The variance 
of the fits are comparable to that obtained in the free three-
-term analyres. In Section 3.4 we discussed the analyses of -J 
co*Ttpr.Ler-generated experimental lifetime spectrum consisting of 
three purely exponentially decaying lifetime components with 
values of the lifetimes and intensities similar to that obtained 
from free three-term analyses of measured lifetime spectra in 
liquid neopentane. It was concluded from this computer experi-
memt that it was not possible to force the POSITRONFIT to extract 
an extra lifetime component. Of course the situation in analysing 
a real spectrum could be expected to be different for reasons 
given in Section 3.4. However, let us assume that the results 
shown in Pigs. 33 and 34 represent an accurate way of describing 
the positron lifetime spectra as measured in liquid neopentane. 
Without repeating the arguments we then interprete the two lon-
gest-lived components 2s resulting From the decay of ortho-Ps, 
while the (T2, 1^) component is caused by the decay of free posi-
trons. The dashed line shown in Fig. 34 is one-third of the com-
bined intensities I3 and I.. The approximately equality of this 
combination and the intensity of para-ls at lower temperatures 
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(140 C) seems to support the interpretat ion . F ig . 35 shows the 
fract ion of the t o t a l ortho-Ps included in the shor t - l i ved ortho-
-Ps component. Thus, apart from the absolute value of I~, these 
r e s u l t s seem very s imilar to those obtained in l iquid SF. . 
Whether or not we can be l ieve in them i s d i f f i c u l t to answer and 
perhaps the best we can do i s to note that the analyses ind ica te 
the poss ib l e presence of two ortho-Ps components. On the other 
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hand, the analyses clearly illustrate the dilemma: How detailed 
is it possible to perform an analysis on a positron lifetime 
spectrum, in order to extract maximum information without risking 
that the analysis turn into a meaningless computer game. 
5.4. The yield of Ps in liquids 
Recent experimental studies of the Ps yield and formation pro-
cesses in a wide variety of solutions strongly favour the ideas 
of the positron spur-reaction model (Mogensen, 1974, Lévay, 1979, 
and Molin and Anisimov, 1979). Although, other models of the Ps 
formation processes are still used (see e.g. Ache, 1979, and 
Para and Lazzariri, 1978) it seems that the spur model is the 
model used mostly today in the interpretation of the Ps yield 
in solutions. Phenomena such as inhibition of Ps formation 
(Wikander, 1979 and 1981, Abbe, Duplatre, Maddock, and Haossler, 
1980, Mogensen, 1979, and Lévay and Mogensen, 1980), and anti-
inhjbition (Anisimov and Molin, 1975, Ito and Tabata, 1979a, and 
Lévay and Mogensen 1980) are well interpreted by means of the 
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spur model. Furthermore, the use of the spur model in the inter-
pretation of the measured Ps yields in solutions also provide 
information of the behaviour of the excess electrons. Based on 
measured Ps yield in various solutions (Lévay and Mogensen, 
1980) it was predicted that the mobility of excess electrons 
in "shallow-trap" electron attachment liquids such as pure 
CS2, SF,, CgFfi, etc. is much higher than that of the massive 
ions. Recent mobility measurements by Nyikos, van den Ende, 
Warman, and Hummel, 1980, have confirmed a high mobility of ex-
cess electrons in the cases of liquid C,F, and CS_. The ruccess 
of the spur model in interpret!ng the measured Ps yield in 
various solutions strongly favours the reaction between a mainly 
thermalized positron and one of the excess electrons created 
during the slowing down of the positron, as being the rost sig-
nificant channel of Ps formation. As in solution, we, of course, 
expect the Ps yield in pure liquids to depend strongly on the 
positron spur properties, viz. the time and space distribution 
of the excess electrons, the positron, and the positive ions, and 
furthermore on the solvent properties in relation to the positron 
and the excess electrons, etc. Typical experimental results which 
substantiate the ideas of the spur model as being important in 
the Ps formation processes in pure liquid are: 1) the influence 
of a high positive ion (positive hole) mobility (see e.g. de Haas, 
Hummel, Infelta, and Warman, 1977) on the Ps yield (see e.g. 
Lévay, Lund, and Mogensen, 1980), and 2) the influence of an 
electric field on the Ps yield (Mogensen, 1975, and Ito and 
Tabata, 1979b). Furthermore, very often it is observed that the 
measured Ps yield in pure liquids correlates strongly with prop-
erties of the excess electrons such as mobility, work function, 
thermalization range of secondary electrons, etc. However, in 
general, it is far more difficult to interprete the measured 
Ps yield in pure liquids compared with solutions. The reason 
for this is that only meagre experimental knowledge exists on 
the properties of the spur species in the time scale of interest. 
Thus, quite often empirical relations between the measured Ps 
yield and various radiation chemistry data are usod in the inter-
pretation of the measured results. In this connection, it should 
be emphasized that tb ; data obtained in radiation chemistry ex-
periments on various spur properties represent properties of 
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mainly single pair spurs, while the positron spur is the ter-
minal spur of the positron track. Thus, it is very likely that 
the positron spur is a multi-pair spur (high LET at energies 
below 100-200 eV), and perhaps some of the spur reactions in a 
multi-pair spur are somewhat different with respect to time and 
space to that taking place in a single pair spur. 
Although it cannot be done on the basis of very detailed exper-
imental knowledge of the positron spur properties, we shall 
discuss the measured Ps yield and the Ps formation processes in 
some detail. We will especially discuss some of the empirical 
relations between the measured Ps yield and various spur prop-
erties that are used to interprete the measured results. Several 
of these spur properties are interrelated and the correlation 
between the measured Ps yield to a specific property of, e.g., 
the excess electrons, can perhaps be misleading in some cases. 
The property cf the excess electron most often used in the in-
terpretation of measured Ps yield in non-polar liquids is the 
excess electron mobility (see e.g. Jansen and Mogensen, 1977, 
and Lévay and Mogensen, 1980). From previous experiments it seems 
that there exists a nearly universal relation between measured 
Ps yield and excess electron mobility in similar non-polar liquids, 
viz. increase of the measured Ps yield with increasing excess 
electron mobility. By comparing the mobility results in neo-
pentane (Fig. 23) and hexane (Fig. 26) to the measured ortho-P? 
yield (I.,) in these liquids (Figs. 22 and 25) , we see that the 
present work substantiats this relation (y-1,) . Cn the other 
hand it should be noted that in neopentane the mobility changes 
approximately by a factor of four within the temperature range 
studied while the absolute changes of I, corresponds to roughly 
6.5% (I_(23°C) = 52.2%). Thus, although the I3~u correlation 
appears to be quite clear, the correlation is not specifically 
strong within the range of the excess electron mobility studied. 
In Fig. 36, we plot I- versus the mobility of the excess electrons 
in haxane. From this figure it seens that the 1-,-U correlation 
can be divided into two regions. At mobilities above roughly 
2 
0.07 cm /Vs the correlation is rather weak compared to that at 
mobilities below this value. 
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Based on considerations of simple chemical k ine t ics i t i s qui te 
d i f f i cu l t to understand the 1,-y cor re la t ion . In th i s p ic ture the 
Ps formation ra t e constant (k_ ) (Weston and Schwarz,. 1972) i s 
given by: 
wPs 4ir(kT/e) (Pe + ^ p > r c (28) 
where e is the numerical electron change, u and u are, respect-
G p 
ively, the mobility of the excess electron and the positron, and 
r is the critical distance at which the potential energy of a 
c 
charge pair becomes equal to the thermal energy. Typical values 
of r in non-polar liquids are 250-300 A at room temperature. 
The positive ion - excess electron recombination rate constant 
is given by the same expression (Eq. 28), but with u replaced 
by M.. Hence, although the rate of the Ps formation process in-
creases with increasing mobility of the excess electron so does 
the recombination rate, and as the Ps formation process competes 
with that of the recombination, the increase of MQ is expected to 
speed up the spur processes, but not favour those of Ps formation. 
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On the other hand, the measured Ps yield - excess electron mobility 
correlation can perhaps be explained by refering to some of the 
following properties: 1) In addition to the competition of the 
positive ion - excess electron recombination, the Ps formation 
process also competes with the decay of the free positron. 2) 
Perhaps the correlation in space between the last created excess 
electron and positron increases with increasing mobility of the 
excess electron so that the distance between the positron and one 
of the excess electrons, when thermalized, decreases with increas-
ing excess electron mobility. 3) The overlap between the wave 
function of the positron and that of the excess electrons might 
favour Ps formation compared with the effect of the overlap be-
tween the excess electrons wave function and the positive ions 
on the recombination process. 4) As the behaviour of the positron 
in non-polar liquids is generally not very well known, an easy 
hypothesis would be to state the behaviour of the positron mobi-
lity as functions cf temperature, density, etc. to be similar to 
that of the excess electrons. Other phenomena could be suggested 
in the interpretation of the I3~w such as polarization effects 
of the positron/electron in trapped states. Although, some of the 
above-mentioned effects may favour the Ps formation process compared 
with other excess electrons reactions it is, however, in general 
very difficult to obtain an estimate on their contribution to the 
measured Ps yield. On the other hand, a rough estimate can be made 
on typical Ps formation times and hence on whether or not the uec^y 
of the free positrons can explain the I3~u correlation. If we 
assume the spur size b as measured in radiation chemistry to 
represent a typical distance between the positron and one of the 
excess electrons at the time of the positron spur formation 
(t = 0), we can express the time it takes the two particles to 
reach each other roughly as: 
t = e(3ykTrc)"1b3 (sec) (29) 
In the above expression we neglected the diffusion term and assu-
med the sum (p) of the mobility of the two particles to be inde-
pendent of the Columb field. As an example, let us consider 
hexane at room temperature. The values of b, u , and r are, 
e _c 
respectively, 70 A (Schmidt and Allen, 1970), 0.07 cm /Vs, and 
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= 300 A. Thus, if we do not take positron mobility into account 
we obtain a typical Ps formation time of 20 - 25 psec. Typical 
lifetimes of free positrons in non-conducting condensed matter 
are 0.4-0.5 nsec. Within the time interval of 20-25 psec roughly 
5% of the free positrons are lost due to annihilation. The tem-
perature dependence of the thermalization range of secondary 
electrons follows roughly that of the molecular volume (V ), viz. 
b = constant-V . Thus, from the simple calculation we will expect 
the Ps formation time to decrease with increasing temperature 
in hexane (see Fig. 26). 
In liquid neopentane the spur size changes within the interval 
b = 200-400 A (Holroyd and Cipolline, 1979); hence, the Ps for-
mation time in neopentane at all temperatures is expected to be 
considerably shorter than that in hexane at room temperature. 
Thus, apart from hexane below roughly room temperature it seems 
reasonable to assume that the decay of the free positron does not 
explain the 1-,-U correlation in hexane and neopentane. According 
to the excess electron mobility in hexane these electrons are 
believed to be mainly in trapped states (see Table II ). However, 
during the slowing down of the secondary electrons these have to 
pass through the conduction band. In the conduction band the excess 
electron mobility is perhaps several orders of magnitude greater 
than the measured mobility. Since it is likely that the excess 
electron reactions can start to take place before the electrons 
are fully solvated, the estimated Ps formation time in hexane is 
probably an upper limit. Further, it could be expected that the 
probability of encounter pair reactions in the conduction band 
is of significance. 
However, the transition in the measured Ps yield - excess electron 
2 
mobility correlation at roughly 0.07 cm /Vs to a stronger correla-
2 
tion below 0.07 cm /Vs might result from a decrease of the reaction 
rate of the excess electrons. Pence the decay of the free positrons 
play a more important role in the measured Ps yield at these low 
excess electron mobilities. 
As mentioned above, the behaviour of positrons in non-polar liquids 
is generally not very well known. However, preliminary studies of 
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Ps inhibition/antiinhibition in hexane as functions of temperature 
(Jacobsen, Mogensen and Eldrup, 1981) seem to indicate that the 
mobility of the positron in hexane is somewhat lower than that of 
the excess electron. Thus, although it cannot be excluded, it 
seems at present that the temperature dependence of the measured 
Ps yield in hexane cannot be explained simply by referring to 
changes of the positron mobility. 
From radiation chemistry experiments it is often observed that the 
thermalization range of secondary electrons correlates to the 
excess electron mobility (Shinsaka, Dodelet and Freeman, 1975 
and Dodelet, Shinsaka and Freeman, 1973). The reason for the 
correlation between the thermalization range of secondary elec-
trons and excess electron mobility is very probably caused by the 
determination of the thermalization range mainly by the distance 
the electrons have to travel in order to lose the last ^ 0.5 eV 
of their kinetic energies (Bullot, Cordier and Gauthier, 1980) , 
and also that the excess electron mobility can be taken as a 
measure of the efficiency of the energy loss processes at these 
secondary electrons energies, viz. increase of the thermalization 
distance of the secondary electron with increasing excess electron 
mobility. It should be noted that during the thermalization of the 
secondary electrons they always spend some time in the conduction 
bandf perhaps the thermalization range then correlates more strong-
ly to the behaviour of the electron in the conduction band than to 
the measured mobilities in liquids in which the excess electron mo-
bility is determined mainly by properties of trapped electron states. 
Many of the spur properties as measured in radiation chemistry 
experiments are often fairly well explained by assuming that the 
probability of the thermalization distance of a secondary elec-
tron from its parent positive ion can be approximated by a three 
dimensional gaussian with cue parameter b (spur size) as the most 
probable thermalization distance (Schmidt and Allen, 1970). As 
mentioned above, the positron spur is the terminal spur of the 
positron track, and hence it is believed to be a multi-pair spur. 
Without proof, we will assume that the positron spur at its for-
mation (t = 0) can be described as a number of positive ions (3-5) 
situated fairly close to each other compared with the spur size. 
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Further, we shall assume that the probability of finding one of 
the thermalized secondary electrons/positron can be approximated 
by a three-dimensional gaussian (or a similar function) with the 
parameter b /b as the most probable distance of finding the 
electrons/positron at t = 0. in general, b ^ b . 
Although the above picture of the positron spur at its formation 
is an idealization of reality, it is believed to reflect qualita-
tively some important properties of the positron spur. Due to the 
inhomogeneous initial distribution of the spur species the prob-
abilities of various spur reactions will depend strongly on space 
and time. Furthermore, in a detailed model it should be taken into 
account that the "diffusion" properties of the excess electrons 
and the positron depend on time (solvation of electrons/positron) 
and perhaps also on space (field dependence of the solvation 
time?). However, without going into too detailed a discussion, it 
seems reasonable to assume that the strength of the competitive 
positive ion - excess electron recombination process on the Ps 
formation process depends strongly on the initial probability 
distribution of the excess electron; as well as that of the posi-
tron. Let us first assume that b is comparable to b . In this 
case it might be reasonable to believe that the initial strength 
of the recombination process decreases with increasing b^. On the 
other hand, at very large b (b ) the Coloumb forces between the 
e p 
positron and the excess electrons become weaker; thus, the prob-
ability that an electron and a rositron will diffuse out of their 
mutual field increases with increasing b (b ). In the case of 
b5 - b , it then seems reasonable to expect that the measured Ps 
yield increases rather strongly with increasing b (b ) at smaller 
b . On the other hand, at larger b (comparable to r ) the Ps 
yield will probably only depend weakly on b (b ), while at very 
large b (b ) the Ps yield very likely decreases with increasing b (b ). In the case of b > b almost the same arguments can be e p e p 
used to explain the dependence of the measured Ps yield on b . 
However, in this case the outermost secondary electrons will feel 
a stronger electric field from the inner part of the spur, OP the 
average, and hence the probability that they can escape the spur 
will be lower compared with the b -• b case. Furthermore, the 
G p 
outermost electrons which do not escape the spur have to pass -
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so to speak - the probability function of the positron before poss-
ible recombination with one of the positive ions. Thus, in the 
case of b > b the Ps yield depandence on b may perhaps be ex-
pected to be stronger? furthermore the decrease of the Ps yield 
with increasing b is expected to set in at a larger b compared 
with the case of b = b . 
e p 
If it is qualitatively correct to treat the positron spur as an 
essentially isolated multi-pair spur it seems that the third case, 
viz. b_ < b , can be excluded at least for cases of b considerably 
e p e J 
less than b , since, otherwise, Ps yield well above 50% ( as meas-
ured in many non-polar liquids) would be very hard to interprete. 
On the other hand, in a more detailed model the possible influence 
of ionization events outside of what we have defined as the posi-
tron spur should be considered. 
By using the above picture of the initial distribution of the spur 
species it is clear that Ps is not formed with an equal probability 
as a function of space in the positron spur. Generally, it might 
be expected that on the average Ps is formed at a greater distance 
from the positive ions with increasing b and/or b . As was briefly 
discusseu in Section 5.3 it could very well be expected that Ps 
that are formed close to the positive ions (of which at least one 
exists in the whole lifetime of Ps) have high probability of react-
ing with one of the positive ions; for Ps formed at larger distance 
from the positive ions, on the other hand, this secondary reaction 
can probably be neglected. A reaction between Ps and a positive 
ion will very probably lead to oxidation of Ps. Hence, to compli-
cate further the interpretation of the Ps yield in liquids, we 
also have to discuss whether it is reasonable to directly associate 
the measured Ps yield with that actually formed. The problem aris-
ing is: If ortho-Ps which is formed close to the positive ions 
reacts fast enough with one of the positive ions then the lifetime 
of the positron initially bound in Ps will be mainly a property of 
free positrons in the liquid. Thus, in analysing the decay spectrum, 
it coulclbe expected that the lifetime component associated with the 
decay of free positrons also include a fraction of the formed ortho-
-Ps which have taken part in this secondary reaction. Furthermore, 
other secondary reactions coulu be expected to take place such 
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as the formation of Ps (Mogensen, 1981), which perhaps can react 
further with one of the positive ions (the "reaction radius" of 
a charged pair is roughly twc orders of magnitude greater than 
that of a reaction between a neutral and charged particle). Because 
the lifetime of ortho-Ps is much longer than that of para-Ps the 
probability of ortho-Ps forming Ps could be expected to be much 
higher than that of para-Ps forming Ps . The product resulting from 
a reaction of Ps and one of the positive ions is a neutral mol-
ecule plus Ps. However, the probability of transferring either 
one of the two electrons in Ps to the positive ion is probably 
the same. Thus, the ratio of para-Ps and ortho-Ps formed from this 
possible reaction is unity while, in general, it is believed that 
this ratio is 1/3 when Ps is formed by a reaction between a "free" 
electron and positron. Furthermore, possible formation of triplet 
states during the excess electron - positive ion recombination 
could also be expected to influence Ps formed close to the positive 
ions, and perhaps have an influence on the measured Ps yield. 
In the cases of possible secondary, tertiary, etc. positron reac-
tions it is important to note that because of the highly inhomoge-
neous nature of the positron spur these reaction do not in any 
way lead to a simple modification of the decay rates of positrons 
annihilating as free particles or as initially bound in Ps. Of 
course, we do not generally expect these Ps reactions to play a 
major role in the decay kinetics of the positrons in liquids. 
However, in e.g. neopentane, we discuss relative changes in the 
Ps yield of roughly 10%, while in hexane above room temperafu-e 
relative changes of roughly 20%. Thus, possible Ps reactioni 
could be expected to contribute to changes of the measured cirtho-
-Ps yield with a non-negligible strength. In this connection it 
is perhaps worthwhile to note that the Ps yield as determined in 
angular correlation experiments in liquid hexane and neopentane. 
at room temperature is higher than that determined in the present 
lifetime experiments. \ 
\ 
In summing up the discussion of the influence of the spur proper-
ties on the measured Ps yield in liquid neopentane and hexane, the 
following interpretation is probably reasonable: In liquid neo-
pentane and hexane (at temperatures above roughly room temperature) 
\ 
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it is probably impossible to distinguish between whether the changes 
of the »neasuied Ps yield are caused mainly by changes of the excess 
electron mobility, or by the thermalization range of the secondary 
electrons. However, qualitatively it seems reasonable to expect 
that the competition between the recombination process and that 
of the Ps formation is influenced by the thermalization distance; 
nonetheless, it is considered impossible to give a quantitative 
estimate. If possible Ps reactions with other of the spur species 
are important then it seems very likely that the measured Ps yield 
in a lifetime experiment is not necessarily equal to that actually 
formed. Thus, the most we can state is that all of the above-men-
tioned spur properties probably have to be taken into account in 
interpreting the measured Ps yield. Although this is quite a pessi-
mistic conclusion to reach there seeias to be a glimmer of light 
ahead. Due to the different lifetime of para-Ps and orhto-Ps it is 
perhaps possible to distinguish experimentally between the influence 
of .some of the above-mentioned spur properties on the measured Ps 
yield; e.g. it seems reasonable to believe that the probability 
of para-Ps reactions with other spur species is considerably less 
compared with that of ortho-Ps. However, in order to study the 
behaviour of para-Ps in liquids it is necessary to do that by 
performing angular correlation experiments. The presently avail-
able amount of angular correlation data obtained in liquids are 
insufficient to be useful in the present discussion. 
In hexane at temperatures roughly below room temperature, it is 
perhaps reasonable to expect that the Ps formation process, in 
addition, feels the competition caused by the decay rate of free 
positrons. 
Finally, it should be strongly emphasized tha'; the behaviour of the 
positron in non-polar liquids is not very well knowr, so perhaps 
changes of the positron states in liquids also play a role in the 
measured chenges of the Ps yield. 
In Section 4, it was mentioned that it was quite diffecult to 
reproduce the intensity I, in neopentane above 140 C. The reason 
could very well be that small amounts of impurities from the wall 
of the autoclave became solvated in the liquid. The Ps yield in 
0 3 -
neopentane at room temperature is very sensitive to additicr; of 
electron acceptor molecules at a concentration level of p.p.m. 
(Mogensen, 1979J; very likely because of a very large positron 
spur in liquid neopentane. 
The Ps yield in liquid SF, shows a strot.g temperature dependence. 
The Ps yield (4/3 of the ortho-Ps yield) increases from about 43% 
at -45°C to about "Kit at room temperature. Between 2 3°C and 71°C 
the Ps yield is roughly independent of the temperature. However, 
no radiation chemistry experiments have been performed on liquid 
SFfi so it is impossible to discuss the measured Ps yield in SF-
in any detail. However, because of the relatively strong tempera-
ture dependence of the Ps yield and the high measured Ps yield 
at temperatures above room temperature, liquid SF could perhaps 
from a radiation chemistry point of view be an interesting liquid 
to study. Although SF- is one of the best and most often used 
electron scavengers in radiation chemistry experiments, the present 
v;ork could indicate a rather high mobility of the excess electron 
compared to that of the massive ions. 
In the two viscolastic liquids (6P0 and S?0) the Ps yiexd increases 
with increasing temperature. At present it is not possible to 
interprete the Ps yield in these liquids. However, the increase 
of the Ps yield with decreasing viscosity is not surprising, bu«-. 
very likely not the only reason for the increase of the Ps yield 
with increasing temperature. 
6. SUMMARY AND CONCLUSIONS 
The aims of the present work were to make a detailed study of the 
state of Ps and to study the Ps formation processes in molecular 
liquids. Positron lifetime measurements have been performed on 
liquid SF , neopentane, hexane and on two viscoelastic liquids 
(6P0 and 5P0), respectively, as function of temperature over 
quite broad temperature ranges. The experimental results showed 
tha*- Psi is formed in all of these liquids. 
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The longest-lived lifetime component in these liquids was attri-
buted to the decay of ortho-Ps. Prom a rather detailed discussion 
cf the state of ortho-Ps in condensed matter we conclude that the 
ortho-Ps lifetime in liquid neopentane, hexane and SF, (the long-
est-lived ortho-Ps component) as function of temperature is fairly 
well explained by assuming that Ps is localized in a microscopic 
cavity, viz. the Ps bubble in these liquids. 
The Ps bubble in molecular liquids is not generally accepted to-
day partly because 1) sometimes very doubtful references have been 
made to the de Broglie wave length of Ps in condensed matter in 
the existing literature and/or 2) a clear definition of the bubble 
state has not been given. We recommened the definition of the Ps 
bubble given in Section 1.3. 
The behaviour of the ortho-Ps lifetime in the liquids 6PO and 5PO 
as function of temperature displays qualitatively the dynamics 
?n the Ps bubble formation process. It was concluded that by 
changing the temperature the Ps state in these liquids could be 
continuously changed from a typical bubble state at high tempera-
tures to a Ps state which mainly depends on pre-existing cavities 
(defects) at low temperatures. Qualitatively, the viscosity of 
these liquids was related to the Ps bubble formation time. 
Quantitative calculations of the properties of the Ps bubble state 
in liquids were discussed in some detail. Prom our point of view 
it seems that the presently available knowledge of the Ps - mole-
cule interactions are very probably too limited to make such 
calculation useful in most cases. The use of the simple Ps bubble 
model in which the Ps bubble is approximated by a spherical square 
well potential and where the surrounding molecules are treated 
as a continuum may even be a very bad approximation in some cases. 
Indeed the use of the model indicates that the Ps bubble is a very 
dynamic state which cannot be treated in a static continuum pic-
ture. Thus, we conclude that it is perhaps more useful, at present, 
to use a qualitative description of the Ps bubble state rather 
than a quantitative model which gives numerical values of the Ps 
bubble properties with very likely large uncentainties. 
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In order to show qualitatively how the ortho-Ps lifetime in the 
bubble state depends on the surface work and the vapour pressure 
a Svimi-empirical expression is provided which fits the temperature 
dependence of the lifetime of ortho-Ps in neopentane, hexane and 
SF, (the longest-lived ortho-Ps component) fairly well, 
o 
In liquid SF, the analyses of the positron lifetime spectra dis-
played two ortho-Ps lifetime components. The longest-lived ortho-
-Ps component was similar to that observed in hexane and neopentane 
(see above) while the state of the shortest-lived ortho-Ps compo-
nent (T3 = 2 - 2 . 5 nsec) was mainly independent of temperature. 
The appearance of this new extra ortho-Ps component in liquid SF, 
was discussed with reference to possible secondary positrons reac-
tions and to the possibility that ortho-Ps can become localized 
in two different states in liquid SF,. Due to the temperature in-fo 
dependence of T_ it seems most likely to assume that the extra 
ortho-Ps component in liquid SFC is caused by ortho-Ps annihila-
b 
tion from a small "bubble" (cavity) state of a radius of 3 -4 Å. 
This was tentative explained in terms of a second minimum around 
3 - 4 A in the energy-versus-radiuc relation of the Ps bubble 
apart from the normal minimum at larger radius. As the main dif-
ferences between SF, and other "normal" molecules are the large 
electron affinity and polarizability of SFfi, it has been suggested 
that the second minimum, and hence the formation of the short-
lived ortho-Ps state in liquid SF, is connected to these prop-
b 
erties. 
The analyses of the positron lifetime spectra obtained in liquid 
neopentane indicated the possibility that two ortho-Ps components 
were included in these spectra. However, it should be strongly 
emphasized that the mathematical accuracy of the analyses in which 
two ortho-Ps components were assumed was not improved compared 
to those in which only one ortho-Ps components was assumed to be 
included in the positron lifetime spectra. 
The measured Ps yield in liquid neopentane and hexane has been 
discussed in some detail. The results showed a quite strong cor-
relation between the measured Ps yield and the excess electron 
mobility, viz. increase of the measured Ps yield with increasing 
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excess electron mobility. Generally, this correlation is very 
difficult to interpret and from a simple chemical kinetic point 
of view this correlation cannot be understood. On the other hand, 
in cases of very low mobility of both the excess electrons and 
positron the Ps formation process compete with the annihilation 
of free positrons and it was concluded that this could be the 
explanation of the measured Ps yield dependence on the excess 
electron mobility in liquid hexane below roughly room tem-
perature. However, at higher temperatures in hexane and at all 
temperatures in neopentane we concluded that the decay rate of 
the free positron probably not could be expected to influence 
the measured Ps yield. Other phenomena correlated to the excess 
electron mobility have been suggested in the interpretation of 
the measured Ps yield - excess electron mobility correlation such 
as the overlap between the wave function of excess electrons and 
that of the positron might favour the Ps formation compared to 
the effect of the overlap between the excess electron wave func-
tion and the positive ions on the recombination process, etc. 
Based on perhaps a somewhat naive view of the initial distri-
bution of the spur species in the positron spur we discussed the 
possible influence of the spur size on the measured Ps yield. It 
was concluded that at spur sizes less than the critical distance 
at which the potential energy of a charge pair becomes equal to 
the thermal energy it could be expected that the Ps yield in-
creases with increasing spur size. Furthermore, the influence of 
possible Ps reactions with other spur species on the measured 
results was discussed and in cases of such reactions we concluded 
that the measured Ps yield is not necessarily equal to that actual-
ly formed. 
Thus, it could be expected that some part of the measured Ps yield 
- excess electron mobility correlation is caused by the correlation 
between the mobility of excess electrons and the thermalization 
range of the secondary electrons. 
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